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ABSTRACT 
 
Investigating homogeneous polymerization catalysts has been a thriving area of 
chemistry in the academic realm for several decades now, and has helped drive the 
development of a range of materials, from designer plastics to cheap commodity 
polymers. Billions of pounds of these materials are produced every year, which ensures 
that continuing research in the area will be necessary to improve current processes and 
enable more economic use of our resources.  
This dissertation showcases the Long group’s research in homogeneous 
polymerization catalysis and our impact on the field thus far. We show that intelligent 
design of redox-active catalysts allows for a unique type of control over the 
polymerization process, enabling the production of multiple materials from a single, well-
defined species. Specifically, we first demonstrate that polyolefin branching content may 
be reproducibly and predictably controlled via redox-active catalysts. We then use 
computational and experimental methods to delve into the mechanisms that allow a 
redox-active catalyst to have such unique behavior. Following this, we employ this 
newfound insight into redox-active olefin polymerization catalysts to design our own 
systems that allow access to more usable polymers. This dissertation will conclude with a 
glimpse at ongoing research as well as a perspective on how this area of research may be 
improved and expanded in the future. 
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1.1 Inspiration 
Polyolefins are the most widely produced and utilized commodity plastics and are 
synthesized on a multi-billion pound per year scale. These plastics have provided a cost-
effective alternative to materials such as wood, metal, and glass and utilize remarkably 
cheap olefinic monomers, such as ethylene gas, as their starting materials. The demand 
for these plastics has not diminished since their introduction and, thanks to innovations 
in catalysis and engineering, their properties can now be specially tailored to suit an 
immense array of applications. Industrial control of olefin polymerization processes 
currently utilizes either external modulation, i.e., temperature or pressure variation, or 
addition of costly additives. Similarly, our research also seeks to develop unique control 
of olefin polymerization processes; however, we are interested in controlling the 
polymerization process through in situ modifications of the catalytic species, rather than 
changes in reaction parameters such as temperature and pressure. In this dissertation, 
we will provide foundational research demonstrating that redox-active catalysts are a 
unique and powerful tool to accomplish this goal and can be used to specially tailor 
polyolefin materials.  
1.2 Background 
In the early 1950’s Paul Hogan, Robert Banks, Karl Ziegler, and Giulio Natta, 
simultaneously made ground-breaking discoveries that helped develop modern polymer 
chemistry. With the implementation of heterogeneous transition metal catalyst systems, 
they could transform cheap commodity olefin feedstocks, such as ethylene and 
propylene, into high molecular weight materials that have very useful mechanical and 
thermal properties.1 Over the course of the next sixty years, this discovery has been built 
upon to become a multibillion dollar industry that continues to grow today.2-4 This catalyst 
system was so influential that Ziegler and Natta were awarded the Nobel Prize in 
Chemistry in 1963.5  
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Although their heterogeneous catalyst systems initially received much attention 
due to their industrial relevance, the academic community has since focused almost 
exclusively on the development of homogeneous, single-site catalysts. This is largely due 
to the complications involved with studying a heterogeneous system. The biggest of these 
problems is the multitude of active sites that exhibit varying activity and reactivity. 
Metallocene catalysts were the first significant step away from heterogeneous systems, 
and they have been studied extensively over the last several decades. It was not until the 
early 1980’s when collaborative efforts by Kaminsky and many others led to the 
development of methylaluminoxane (MAO), a potent cocatalyst that helped kickstart a 
new era for single-site olefin polymerization catalysis.6-14 This versatile activator enabled 
researchers to access a plethora of highly active, homogeneous systems and led to 
exploration of many alternative ligand frameworks beyond metallocenes.15-20 
Another critical discovery in the field came from Brookhart and co-workers in 1995 
with the discovery that group 10 metal catalysts can be used to produce high molecular 
weight polyolefins and that those polymers, synthesized using ethylene gas as the sole 
monomer, could be highly branched.21-23 Previously, the only method for production of 
these branched architectures was to use expensive comonomers such as 1-hexene, 1-
octene, etc. (Scheme 1.1) This development led to extensive studies of group 10 
polymerization catalysts over the last two decades.24, 25 
Scheme 1.1 Branched polymer synthesis using a group 4 catalyst 
A proposed mechanism called “chain walking” (Scheme 1.2) was introduced to 
describe what was happening at the metal center that led to these branched topologies. 
Shortly after this, Guan and co-workers published a study detailing the effect of ethylene 
pressure on chain walking and branch content.26 By exploiting this mechanism, group 10 
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catalysts can provide a distinct advantage in that widely varying polymer architectures 
may be synthesized using only a single monomer feedstock. This is beneficial not only for 
simplification of reaction conditions but also because the most prevalent and inexpensive 
olefin, ethylene, may be used exclusively for production of complex polymers, 
significantly reducing costs. 
 
Scheme 1.2 Polymerization mechanism of a group 10 catalyst that may undergo chain-
walking26, 27 
Varying ethylene pressure is not the only method for controlling branch content 
of polyolefins. In 2005, Guan and co-workers showed the relationship between 
electrophilicity of ligand donors to the metal center and branch content of polyethylene 
produced.28 In this detailed report, different versions of Brookhart’s α-diimine catalysts 
that contained modified functional groups at the para position of the N-aryl substituents 
were synthesized. It was found that the electron donating/withdrawing potential of the 
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attached group was directly related to the branching content of the resultant polyolefin 
produced. (Figure 1.1) More electron donating ligands afforded more linear polyethylene, 
while more electron withdrawing ligands stimulated chain-walking and thus gave more 
branched polyethylene. 
 
Figure 1.1 Modifications to a diimine framework performed by Guan et al.28 
Following the results that simple electronic perturbations could have significant 
impacts on the effects of chain walking, other groups began to probe the effects of more 
significant electronic modulations on polymerization behavior. Redox-active catalysis, 
which has been known to modulate catalytic behavior,29-31 was explored as a method to 
alter polymerization activity or selectivity. Gibson et al. were the first to try employing 
redox-active systems for ethylene polymerization (Figure 1.2).32 These catalysts contained 
ferrocene moieties, which are known to be redox-active, very close to the active metal 
center. Polymerization data was obtained for these complexes with both 1-hexene and 
ethylene, and it was found that the palladium complexes were inactive, while the nickel 
versions were unable to generate high molecular weight polymer. This was attributed to 
the proximity of the ferrocene moiety to the metal center. Most importantly, they found 
no significant difference between activities of the catalysts before and after attempting 
redox modification.  
Although redox manipulation of the catalysts was unsuccessful, researchers 
continued working on redox-active systems for polymerization.33 Gibson et al. later 
showed (in 2006) that redox-active catalysts using a ferrocene-modified salen type ligand 
could be successfully employed for lactide polymerization.34 One common feature of the 
catalysts used in both of Gibson’s publications32,34 was the inclusion of a ferrocene moiety 
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into the ligand framework. Ferrocene incorporation into ligand frameworks is used often 
and is useful particularly because of its stability in one electron oxidation/reduction as the 
iron center changes between the 2+ and 3+ states.35-39  
Figure 1.2 Ferrocenyl-modified catalysts developed by Gibson et al.32 
Initially, Gibson and co-workers believed that the proximity of the redox-active 
center to the active metal center might be inhibiting the performance of the catalyst, 
causing a lack of differentiation between polymerizations conducted with and without 
redox agents. In hopes of improving the performance of redox-active catalysts, they then 
set out to make complexes in which the ferrocene was further removed from the active 
metal center.35 They reported the synthesis of two ferrocene-substituted 
bis(imino)pyridine complexes, one of iron and one of cobalt. These tridentate ligands, 
which were previously reported without pendant ferrocene groups by Brookhart and 
coworkers, are known to readily polymerize ethylene (Figure 1.3).36 After polymerization 
trials, it was found that these catalysts were highly active and resembled their non-
ferrocenyl analogues; however, oxidation of the ferrocenyl-derived complexes during 
polymerization gave the same polymeric materials as the native catalysts. The 
explanation for this behavior was that the methylaluminoxane (MAO) that is most 
commonly used to activate olefin polymerization catalysts contains trace amounts of 
trimethylaluminum (TMA), which is believed to be a potent reducing agent that 
counteracts any added chemical oxidant. This work suggests that if ferrocene is to be 
incorporated in a ligand designed for polymerization, the activator required for that 
polymerization must not have a reduction potential that would counteract any oxidation 
effects.  
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Figure 1.3 Comparison of originally reported bis(imino)pyridine ligand to ferrocene 
modified version 
While ferrocenes show promise in the way of redox capability for olefin 
polymerization, they are not the only possible moiety that can be incorporated. One of 
Brookhart’s most famous frameworks for group 10 catalysts contains an 
acenapthenequinone-based backbone that has been previously studied for redox activity 
(Figure 1.4).21 This acenapthene-containing α-diimine backbone has been studied 
extensively and has been used in catalysis on numerous occasions.40-44 One important 
study by Fedushkin and co-workers (in 2003) gives a detailed analysis of several oxidation 
states that are available to this type of backbone.45 This report showed that the linked 
aryl rings were capable of delocalizing negative charge throughout their π-system after 
reduction with alkali metals. This information became the springboard for the first 
catalyst selected for redox-active ethylene polymerization and is the subject of Chapter 
2.  
 
Figure 1.4 Nickel α-diimine containing a redox-active ligand (redox-active portion 
shown in red) 
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1.3 Dissertation Overview 
The overarching objective of the work presented in this dissertation is to develop 
olefin polymerization catalysts susceptible to redox manipulation, a tool that may be used 
to specially tune catalytic behavior. Toward this goal, we will investigate the mechanistic 
underpinnings that give rise to this catalytic behavior and employ redox-active catalysis 
to design and characterize future generations of redox-active catalysts that may be used 
to generate varied materials. More specifically, this dissertation will cover the following 
research objectives: 
I. Demonstrating the first successful redox-active olefin polymerization, using a 
nickel α-diimine catalyst to modulate polyethylene branching content and 
microstructure. 
II. Employing computational methods and experimental characterization 
techniques such as EPR spectroscopy, Evans Method NMR, and DFT 
calculations to support a proposed hypothesis for the behavior of the redox-
active catalyst.  
III. Utilizing this newfound redox-active catalyst system to modulate 
incorporation rates of olefinic monomers. 
IV. Designing new redox-active catalysts for ethylene polymerization that allow 
for production of polyethylenes of very low density (VLDPE) or medium density 
(MDPE).  
Chapter 2 describes the first successful report of redox-active olefin 
polymerization. This report exploits the redox capabilities of a known catalyst to modulate 
the branching content of polyethylene in a predictable and reproducible fashion. Several 
techniques are used to confirm this change in polyethylene microstructure, including Gel 
Permeation Chromatography/Size Exclusion Chromatography (GPC/SEC), 1H NMR, 
quantitative 13C NMR, and Differential Scanning Calorimetry (DSC). We then delve into 
the structure of this redox-active olefin polymerization system. The catalyst shows 
different polymerization activity following the addition of a chemical reductant, which 
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leads us to several questions, for example: what is this new catalytic species that is 
present upon reduction? How does that species lead to modified polymerization 
behavior? These questions are answered through a collaborative computational and 
experimental approach that unravel the cause of this catalytic behavior.  
Chapter 3 seeks to utilize further redox-active catalysis to polymerize higher 
olefins and copolymerize them with ethylene. Higher olefins are found to polymerize at a 
slower rate by the reduced form of this redox-active catalyst than the native form. This 
finding is exploited to produce copolymers with ethylene and 1-hexene that contain 
significantly different 1-hexene incorporation amounts, and correspondingly different 
branching content, depending on the redox state of the catalyst. Several techniques are 
used to confirm these results, including GPC/SEC, NMR, DSC and Gas Chromatography 
(GC) analysis.  
Chapter 4 uses the insight gained from the previous studies to design and 
implement three unique, redox-active systems that can allow for more usable, higher-
density polyolefin materials. Specifically, ferrocene incorporation is used to modify the 
frameworks, providing access to more linear, higher density polyethylene. These 
polymers are distinct from the very-low-density polyethylene normally obtained from 
nickel α-diimine catalysts. Although the redox active capabilities of the catalysts are only 
partially accessible, insight into the necessary considerations for designing redox-active 
polymerization catalysts is obtained. 
Chapter 5 is used to summarize the completed work in this dissertation and draw 
conclusions on those findings. Future directions are provided in this chapter as well, 
showcasing work still in progress as well as pathways that may be taken to advance the 
overall research objectives. All supporting information and characterization including 
NMR spectra, GPC, X-ray crystallographic data, and additional results from other 
characterization techniques are provided in the Appendices. References are added at the 
end of each chapter for ease of access.   
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2  REDOX-ACTIVE LIGANDS: AN ADVANCED TOOL 
TO MODULATE POLYETHYLENE 
MICROSTRUCTURE 
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2.1 Abstract 
The ability to control catalytic activity and selectivity via in situ changes in catalyst 
oxidation-state represents an intriguing tool for enhanced polymerization control. Herein, 
we report foundational evidence that catalysts bearing redox-active moieties may be 
used to synthesize high molecular weight polyethylene with tailored microstructure. The 
ability to modulate branching density and identity is facilitated by ligand-based redox 
chemistry, and is realized via the addition of chemical reductants into the polymerization 
reactor. Detailed GPC and NMR analyses demonstrate that branching density may be 
altered by up to ∼30% as a function of in situ added reductant. 
2.2 Introduction 
The development and commercialization of polyolefins has revolutionized 
modern-day life, providing economical alternatives to natural resources such as wood, 
glass, and metal. Traditionally, polyolefins are synthesized using heterogeneous titanium-
based catalysts that are activated using alkylaluminum reagents;1,2 however, in an effort 
to develop deeper insight into the mechanistic details of olefin polymerizations, 
homogeneous olefin polymerization catalysts have since become extensively studied.3−5 
The evolution of those homogeneous olefin polymerization catalysts has encompassed a 
vast library of ligand structures ranging from metallocene-based systems3 to non-
metallocene catalysts,4 and even the utilization of late transition metals, whose 
popularity grew exponentially after the initial discovery that Ni- and Pd-based catalysts 
could readily produce high molecular weight polyethylene (PE) and polypropylene (PP).4−7 
In contrast to most group IV transition metal-based catalysts, late transition 
metal-based catalysts, namely those of Ni and Pd, have provided access to a variety of 
polyolefin topologies ranging from highly linear to hyperbranched polymer architectures 
using ethylene as a sole feedstock.5,8−11 To understand how those branched architectures 
were formed, mechanistic investigations showed that Ni- and Pd-based catalysts often 
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display a high propensity to undergo a process known as “chain-walking”. Chain-walking 
occurs via a repeated sequence of β-hydride elimination and re-insertion.8,9 This enables 
the catalyst to migrate along the growing polymer backbone and incorporate subsequent 
monomers, thereby producing branched polymer architectures without the use of more 
expensive, higher α-olefin co-monomers.12  
Enticed by the ability to synthesize lower-density materials from a single 
inexpensive monomer feedstock (ethylene), researchers quickly discovered that PE 
topology could be directed via two main methods when using Ni- and Pd-based catalysts: 
(1) by increasing or decreasing ethylene feed pressures,8,9,11,13 or (2) by raising or lowering 
the polymerization temperature.8,14 Though each of these methods have provided 
foundational insight toward the development of Ni- and Pd-based catalysts, we 
hypothesized that a redox-active catalytic system could be envisioned. In this system, the 
resultant polyolefin’s branching content and/or microstructure could be controlled via in 
situ modulations in the electronic nature of the catalyst itself, rather than by altering 
polymerization conditions/parameters such as ethylene pressure and reaction 
temperature.  
Inspired by a previous report which demonstrated that ligand based electronics 
can dramatically influence PE branching density,15 we chose to investigate olefin 
polymerization catalysts bearing redox-active ligands to facilitate the synthesis of more 
than one polymer microstructure via in situ changes in the electronic nature of a single 
catalytically active species. While redox-switchable catalysis has been successfully 
implemented for a variety of small-molecule transformations16 and polymerizations,17 it 
should be noted that redox-switchable olefin polymerization catalysis has been alluded 
to and/or attempted previously,18−21 yet no catalytic differentiation between two or more 
oxidation states of a single olefin polymerization catalyst has ever been successfully 
demonstrated for the production of high molecular weight PE. 
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2.3 Results and Discussion 
The lack of differentiation in those previously studied redox-active catalysts was 
attributed to the potential redox chemistry observed between trace amounts of 
trimethylaluminum (TMA) present in MAO2 and the ferrocenyl-derived ligands used.19−22 
To avoid these undesirable redox events, we sought to take advantage of catalysts 
bearing redox-active bis(arylimido)-acenaphthene (BIAN) ligands such as catalyst 1 
(Scheme 2.1). This well-defined catalyst takes advantage of an acenaphthenequinone- 
derived, carbon-based redox center that is known to be readily reduced in the presence 
of appropriate chemical reductants.23,24 
 
Scheme 2.1 Using redox-active olefin polymerization catalyst 1 to control polyethylene 
microstructure 
Initial investigations into the redox behavior of catalyst 1 were performed using 
cyclic voltammetry (CV) at a scan rate of 100 mV/s. All CV experiments were conducted 
in dichloromethane (DCM) with [nBu4N][PF6] (0.1 M) as a supporting electrolyte, and 
were referenced to a subsequently added ferrocene standard (Fc/Fc+)(Figure 2.1). Under 
these conditions, catalyst 1 displayed a quasi-reversible one-electron redox couple that 
was observed at Ep1/2 = −0.8 V (vs Fc/Fc+). From this value, cobaltocene was chosen as an 
appropriate reductant (E°′ = −1.33 V in DCM) and quickly proved to be an ideal candidate 
for subsequent polymerization studies.25 
To eliminate the possibility of any competing polymerizations arising from the 
presence of cobaltocene within the reaction mixture, two control experiments were 
conducted. First, a polymerization in which cobaltocene and PMAO-IP activator were  
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Figure 2.1 Cyclic voltammagram of catalyst 1 using 0.1 M [nBu4N][PF6] in DCM and 
referenced to a Fc/Fc+ standard. 
combined in the absence of catalyst 1 (Table 2.1, entry 1), and second, a polymerization 
in which catalyst 1 was reduced using 1 equivalent of cobaltocene, but in which no MAO 
activator was added (Table 2.1, entry 2). Each of these control experiments were found 
to be completely inactive for ethylene polymerization, confirming that both catalyst 1 and 
MAO activator are required for polymerization. Likewise, these results confirmed that any 
polymer obtained in our subsequent polymerization studies would be a direct product of 
catalyst 1, or its reduced form, and not from any catalytic chemistry arising from 
cobaltocene’s presence within the reaction mixture. 
All ethylene polymerizations followed established procedures using MAO as an 
activator (Table 2.1, entries 3−7). Polymerizations requiring the reduced catalyst were 
conducted by adding ≤1 equivalents of cobaltocene into the polymerization reactor 
containing catalyst 1 and toluene prior to injection of MAO activator. The results showed 
that each trial yielded a highly active catalyst system at low ethylene pressure (15 psi). 
Analysis of the resultant polymers via gel permeation chromatography (GPC) showed that 
each polymer sample reached similar molecular weight (Mw = 200−274 kg/mol), but their 
molecular weight distributions increased slightly (Mw/Mn = 1.54 → 2.04) as the amount 
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Table 2.1 Ethylene Polymerizations using Catalyst 1 with and without Added Reductanta 
entry 
(Co)b 
(μmol) yield (g) 
TOFc 
(x103 h-1) Mwd(kg/mol) Mw/Mnd Be 
1f 10.0 0 - - - - 
2g 10.0 0 - - - - 
3 0 1.75 13 217 1.54 114 (±1.9) 
4 2.5 1.94 14 254 1.65 109 (±3.0) 
5 5.0 1.95 14 271 1.77 104 (±0.5) 
6 7.5 2.38 17 274 1.72 99 (±0.7) 
7 10.0 1.78 13 200 2.04 88 (±2.8) 
aPolymerization conditions: 1 = 10.0 μmol, 148 mL of toluene, 2 mL of DCM, 20 °C, 15 psi 
ethylene, 30 min, and 100 eq. of PMAO-IP. b(Co) = cobaltocene. cTurnover frequency (TOF) 
= mol of monomer/(mol of cat. × h). dDetermined using triple detection GPC at 140 °C in 
1,2,4-trichlorobenzene. eBranches per 1000 total C’s, determined by 1H NMR, reported 
values are averages over multiple trials. fNo catalyst 1 added. gNo PMAO-IP added. 
of added cobaltocene approached one equivalent relative to catalyst 1.  
Despite similarities in their molecular weight, 1H NMR analysis revealed a strong 
and highly-reproducible correlation between the amount of cobaltocene added to the 
polymerization reactor and the microstructure of the resultant PE. For example, 
polymerizations conducted using catalyst 1 produced PE with ∼30% more branches per 
1000 total carbons (114 ± 1.9 branches/1000 C’s) (entry 3) than polymerizations 
conducted using catalyst 1 and 1 equiv of added cobaltocene (88 ± 2.8 branches/1000 C’s) 
(entry 7). Furthermore, if the amount of added cobaltocene was varied from 0 to 1 
equivalent (relative to catalyst 1), an almost linear relationship with branching density 
was observed (Figure 2.2).  
Branching in each PE sample was also measured via size exclusion 
chromatography (SEC), and their dilute solution parameters/properties are listed (Table 
2.2). The ratio of each sample’s radius-of-gyration to hydrodynamic radius (Rg/Rh), which 
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Figure 2.2 Plot of branches per 1000 total C’s vs amount of cobaltocene added 
(equivalents relative to catalyst 1) 
reflects the polymer’s shape independent of molecular weight, was found to be slightly 
greater than unity (Rg/Rh = 1.06−1.18), indicating that that moderately branched PE was 
formed. (Note: linear PE samples may produce ratios as high as 2, and highly branched 
materials frequently display ratios below unity).26 
This result was also supported by the Mark−Houwink α-parameters observed 
(0.73−0.74). In similarity to the 1H NMR results presented, Mark−Houwink log−log plots 
of [η] vs Mw unquestionably confirmed differentiation in the degree-of-branching 
between polymerizations using catalyst 1 alone, or its cobaltocene reduced form (Figure 
2.3). From that data, significantly lower intrinsic viscosities (η) were observed for virtually 
all PE samples synthesized using catalyst 1 in the absence of added reductant, regardless 
of molecular weight. It also should be noted that each polymer produced using catalyst 1 
or its reduced analogue were compared to a highly linear PE sample synthesized using the 
commercially available catalyst dimethylbis(indenyl)zirconium (Zr), which as expected, 
produced a highly linear PE with a Tm = 130 °C (see Figure A.16). (Perfectly linear PE is 
typically regarded to have Tm = 135 °C.) 
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Table 2.2 Polyethylene Dilute Solution Parameters for Polymerizations at 20 °C using 
Catalyst 1 and Cobaltocenea 
 amount of cobaltocene added (equiv) 
 0 0.25 0.5 0.75 1 
Mw,SEC‑LS (kg/mol) 217 254 271 274 200 
Rg (nm) 17.7 21.6 22.8 23.1 19.8 
Rh (nm) 16.7 18.8 19.6 19.6 17.2 
[η]SEC‑η (mL/g) 14.9 18.4 19.8 20.3 18.3 
Rg/Rh 1.06 1.15 1.16 1.18 1.15 
α 0.73 0.74 0.73 0.73 0.74 
aAnalysis performed using triple detection GPC at 140 °C in 1,2,4-trichlorobenzene. 
 
Figure 2.3 Log−log plot of intrinsic viscosity (η) vs Mw for polyethylene samples 
polymerized at 20 °C. Note: only polymers produced using Zr (green trace), catalyst 1 
reduced by 1 equivalent of cobaltocene (red trace), or only catalyst 1 (blue trace) are 
shown for clarity. 
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In addition to the differences in branching density observed via 1H NMR and GPC 
analyses, quantitative 13C NMR analysis was used to investigate if the addition of 
reductant into the polymerization showed any influence over the identity of the PE 
branches observed (i.e., methyl, ethyl, propyl, etc.) (Table 2.3). Following the procedures 
of Galland and co-workers,27,28 quantitative 13C NMR analysis was used to determine the 
identity and abundance of the PE branches within each sample. As the equivalent of 
added cobaltocene were increased, the resulting polymers displayed a greater 
percentage of methyl branches (54.9% → 62.8%) and branches that were six carbons or 
longer (9.2% → 10.4%). In contrast, a corresponding decrease in the percentage of ethyl, 
propyl, and butyl branches also was observed as a function of increasing equivalent of 
reductant. Though these differences were admittedly small (relative to the limits of this 
quantitative 13C NMR method27), they were highly reproducible.  
Perhaps even more intriguing was the virtual elimination of sec-butyl branching 
from polymer samples synthesized using catalyst 1 reduced by 1 equivalent of 
cobaltocene. sec-Butyl branching is the smallest form of a branch-on-branch structure 
observed for PE and is easily quantitated via integration of its two unique 13C NMR signals 
associated with the −CH3 groups of a sec-butyl branch (see Figure A.15).26 The strong 
reduction in sec-butyl branching from 5.3% to 0.9% indicates that while catalyst 1 may 
readily chain-walk past tertiary carbon centers (or branching points), its ability to chain-
walk past those tertiary centers is dramatically hindered when the reduced catalyst 1 is 
used. This near elimination of branch-on-branch PE structure signifies a small, yet real 
change in PE branching topology as a result of reducing the nickel catalyst. 
This observed reduction in PE branching density as a function of added reductant 
can be directly attributed to a decrease in the rate of β-hydride elimination relative to the 
overall rate of ethylene coordination and insertion. However, to better understand the 
origins of this behavior, as well as the near elimination of sec-butyl branching, we needed 
to better understand the electronic structure of reduced catalyst 1. Previous studies of 
related BIAN-ligated complexes have shown that the structure of the reduced species 
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Table 2.3 Polyethylene Branching Identity Analysis via Quantitative 13C NMRa 
 Amount of cobaltocene added (eq.) 
 0 0.5 1 
methyl 54.9 (±1.3) 58.5 (±0.6) 62.8 (±2.3) 
ethyl 9.7 (±0.5) 9.6 (±0.4) 8.4 (±0.3) 
propyl 7.3 (±0.3) 6.4 (±1.4) 6.2 (±0.9) 
butyl 9.0 (±1.8) 8.5 (±0.7) 6.7 (±1.0) 
amyl 4.6 (±0.7) 4.4 (±0.5) 4.6 (±0.1) 
longb 9.2 (±1.7) 9.5 (±0.5) 10.4 (±1.0) 
sec-butyl 5.3 (±0.7) 3.1 (±0.1) 0.9 (±0.2) 
aThe reported values represent their percent of total branching content. bBranches of six 
carbons or longer. 
could vary based upon the ligand and/or metal used. This suggested that the reduced 
catalyst 1 could potentially exist as any one of many forms that might include (1) a radical 
anionic ligand form in which the added electron is delocalized over the ligand’s 
bisimidoethane bridge, (2) a form in which the transition metal is reduced from Ni(II) to 
Ni(I), or (3) a structure in which the catalyst complex has been reduced by more than one 
electron.23,24 
To probe which of these scenarios might contribute to the polymerization 
behavior observed, we utilized electron paramagnetic resonance (EPR) spectroscopy, 
magnetic susceptibility, and UV−vis spectroscopy. EPR experiments indicated that upon 
reduction of catalyst 1 with 1 equivalent of cobaltocene, a formal reduction of Ni(II) to 
Ni(I) was observed, yielding a g-value of 2.342, which is characteristic of a metal-centered 
unpaired electron (Figure 2.4). Addition of Lewis acidic trimethyl aluminum (5 
equivalents) to this Ni(I) complex resulted in rapid metal-to-ligand electron transfer from 
the Ni(I) center to the ligand itself, thereby creating a ligand-based, carbon-centered 
radical (g = 2.002). To support these results, magnetic susceptibility measurements were 
conducted using the Evans NMR method. Catalyst 1 displayed a magnetic moment of 3.2 
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μB, which agrees with a tetrahedral Ni(II) complex bearing two unpaired electrons. When 
reduced using cobaltocene, a magnetic moment of 2.5 μB was observed. This indicated a 
reduction from two unpaired electrons to one, which agreed with our EPR measurements. 
Addition of TMA to the reduced Ni(I) complex yielded a magnetic moment of 2.3 μB, and 
can likely be attributed to a catalyst in which the unpaired electron is ligand-centered and 
the reformed Ni(II) center is now in its square-planar geometry (Figure 2.5). Furthermore, 
UV−vis spectroscopy of the reduced complex 1 in the presence of TMA showed a strong 
absorption between 750 and 850 nm, which agrees with other reports of reduced BIAN-
ligated species.23  
 
Figure 2.4 EPR spectra of catalyst 1 with cobaltocene (top) and catalyst 1 with 
cobaltocene and 5 equiv TMA (bottom) frozen in toluene. 
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Figure 2.5 Proposed structures for catalyst 1 following reduction (1red) and activation 
(A2), as well as simply activation (A1). 
Further investigations into the exact structure and electronic nature of the 
reduced form of catalyst 1 were sought to help explain these observations in more detail. 
Complimentary computational data was obtained to provide more insight into the likely 
structure and the propensity of the reduced species to modulate polyethylene 
microstructure. To better understand the transition from a Nickel (I) species to a ligand 
based radical anion species, which is suggested by EPR, UV-Vis, and Evans Method NMR, 
DFT calculations were performed for each stage of the sequential bromide/methyl 
exchange that is believed to occur during activation with alkylaluminum activators (Figure 
2.6). If we focus on catalyst 1 (left side of figure), a notable transition from tetrahedral to 
square planar can be observed following the first methyl/bromide exchange, and this 
transition continues after the second methylation. Calculations were obtained for the 
doubly methylated species, although this is most likely not the active complex, because it 
is likely to form upon exposure to MAO/TMA. The reduced species 1red follows the same 
trend, except that following the first methylation, a shift in electron density from the 
nickel center to the N-C-C-N bridge of the ligand backbone occurs. Rather than remaining 
localized on the Ni(I) center and occupy the high energy x2-y2 d orbital, the ligand accepts 
the additional electron as a radical, returning the Ni(I) to a Ni(II) state. These results 
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demonstrate that methylation has the same geometric effect at the active Ni center for 
these two species, but significantly different electronic effects.  
Following the calculations of the methylation reaction, it is necessary to calculate 
optimized geometries and spin states for the active species (A1 and A2) which are 
obtained by abstraction of one of the methyl groups and subsequent coordination of an 
explicit toluene solvent molecule to the Ni center (Figure 2.7). The toluene coordinated 
system is most likely to exist prior to polymerization due to the large excess of toluene 
present (as it is the solvent) and the necessity of an open coordination site for 
polymerization to begin. The key differentiation between these species is that A1 contains 
a cationic active Ni center, whereas A2 has a neutral active Ni center. Both active species 
retain the square-planar geometries form during methylation. Consequently, A1 has zero 
spin density on the metal similar to that in the methylated form of 1. A2 has one more 
electron than A1, and this electron is centered on the N—C—C—N fragment of the BIAN 
ligand, similar to that in the methylated form of A2. Ni is in +2 oxidation state in both A1  
 
Figure 2.6 DFT-optimized geometries and spin densities at successive stages of 
methylation of 1 and 1red. Mulliken spin densities (α>β, blue; α<β, red) are shown with 
an isosurface of 0.020 angstroms-3 for ligand-centered spin densities. Atoms colors are 
as follows: C=grey; N=blue; Ni=green; Br=red. Hydrogen atoms are omitted for clarity. 
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and A2. Even though the additional electron in A2 is mostly present on the ligand, its 
proximity to Ni modulates the electronic nature of the metal center by reducing its 
electrophilicity. Bader charge analysis shows that the charge on nickel is consistent with 
Ni(II) in both cases, with Ni in A1 having a Bader charge of +1.05 and in A2 having +1.24. 
The Bader charges of the bound toluene for A1 and A2 are +0.37 and +0.26, respectively, 
which is indicative of the differences in electrophilicity between the two active species. 
This indirect electronic effect was also observed by Bahuleyan et al.,42 who synthesized a 
series of sterically and electronically modulated α-diimine ligands and classified the 
electrophilicity of their Ni(II) complexes by cyclic voltammetry.  
To understand how this structural difference affects the chainwalking mechanism, 
specifically, surpressing of the chainwalking mechanism and decreasing overall branching 
content in resulting polymers formed when catalyst 1red is used, free energy profiles were 
constructed for the activated versions of catalyst 1 and 1red (Figure 2.8, labeled A1 and 
A2). This figure shows a calculated energy diagram for the binding of the first ethylene to 
the active species (A1 and A2), followed by ethylene insertion to form a propyl group, and 
 
Figure 2.7 DFT-optimized structures of proposed catalytically active species A1 (dipp-
BIANNiMe(η2-toluene)+) formed from 1, and A2 (dipp-BIANNiMe(η2-toluene)) formed 
from 1red. Colors and Mulliken spin densities of A1 (spin singlet) and A2 (spin doublet) 
are shown in Figure 2.6. 
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subsequent binding of a second ethylene molecule to the open coordination site. These 
results show that ethylene binds more strongly to A1 (-15.7 kcal/mol) than to A2 (-9.9 
kcal/mol) due to the lower electrophilicity of A2 compared to A1. The second step for 
each catalyst, migratory insertion to form an n-propyl chain, is also more favorable for A1 
than A2, which can be explained by the stronger agostic hydrogen interaction with Ni at 
the open coordination site. This stronger agostic interaction can be attributed to the 
higher electrophilicity of the nickel center in A1. This increased agostic interaction in A1 
compared to A2 also leads to the weakened coordination of the second ethylene 
molecule. A similar system has been calculated by Woo and Ziegler and our findings agree 
with their results when considering steric and electronic effects.43 In their report, Woo 
and Ziegler concluded that stronger binding of the second ethylene to the catalyst leads 
to a less branched polyethylene because it indicates a preference for migratory insertion 
over chain walking. This agrees with our results and reinforces our conclusions that the 
decreased electrophilicity of the reduced species, 1red, compromises the agostic 
interaction, which suppresses hydride elimination and chain walking. 
 
 
Figure 2.8 Free energy profile of the initial ethylene binding, insertion, and binding steps 
of polymer growth. Ethylene binding energies for each step for each active species are 
indicated. Ethylene binding is more favorable in the cationic Ni-methyl case than in the 
neutral Ni-methyl case, but this trend is reversed at the propyl stage, most likely due to 
the added agostic interaction. 
29 
 
Following the initial ethylene binding and coordination, we chose to further 
investigate the differences in the catalytic mechanism between A1 and A2. DFT 
calculations were performed to study the isomerization of the n-propyl branch to an 
isopropyl branch prior to the second ethylene coordination, which is one of the 
preliminary steps in chain-walking (Figure 2.9). Energies are plotted relative to the Ni-
hydride π-propylene complex, with the isopropyl species shown on the left and the n-
propyl species shown on the right. This Ni-hydride π-propylene complex is formed when 
the β-agostic interaction leads to β-hydride elimination. Results show that the Ni-hydride 
π-propylene complex derived from A1 is almost equally likely to revert to a n-propyl 
branch and coordinate the next ethylene or to undergo 2,1-insertion to form an isopropyl 
branch and coordinate the next ethylene (-10.7 kcal/mol vs -8.8 kcal/mol). In contrast, 
the Ni-hydride π-propylene complex derived from A2 is significantly more likely to revert 
to a n-propyl branch before coordinating the next ethylene. This competition between β-
hydride agostic interaction and ethylene coordination determines the extent of branching  
 
Figure 2.9 Structures and relative free energies of intermediates and ethylene-
coordination transition states in the Ni-propyl isomerization pathway. For both species, 
free energies are set relative to Ni-hydride π-propylene. 
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in polyethylene. While the β-agostic interactions of the linear propyl group and the 
branched propyl group are equally weakened for A2 relative to A1, ethylene coordination 
is affected differently along the linear and branched routes for the two catalyst states. In 
A2, coordination of the second ethylene to the catalyst is weaker for the isopropyl branch 
than for the n-propyl branch, demonstrating that the lower electrophilicity of A2 affects 
the isopropyl pathway more than the linear propyl pathway. This result provides 
compelling evidence that branching will be suppressed in A2 and explains why the 
reduced catalyst system produces a much less branched polyethylene than the native 
system. 
2.4 Conclusions 
We have demonstrated that polyethylene branching may be successfully tailored 
via in situ reduction of BIAN-ligated Ni-based olefin polymerization catalysts. Control over 
branching density was confirmed via 1H NMR, GPC, and quantitative 13C NMR analyses, 
and results showed that polymers synthesized using catalyst 1 reproducibly displayed 
∼30% more branches per 1000 carbons than when using catalyst 1 reduced via 
cobaltocene addition. To our knowledge, this report represents the first successful 
example of catalytic differentiation between a reduced and oxidized catalyst for the 
synthesis of high molecular weight PE. Further, we have employed EPR, UV-Vis, Evans 
Method NMR, and computation to support our proposed structures and explain the 
reduced species’ catalytic behavior. Altogether, this establishes strong support that 
redox-active olefin polymerization catalysts may represent an attractive tool for the 
synthesis of high-molecular-weight polyolefins with targeted microstructure control. 
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3 MODULATING POLYOLEFIN COPOLYMER 
COMPOSITION VIA A REDOX-ACTIVE OLEFIN 
POLYMERIZATION CATALYST 
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3.1 Abstract 
The ability to precisely modulate polymer architecture and composition is a long-
standing goal within the field of polymer synthesis. In this chapter, we demonstrate that 
redox-active olefin polymerization catalysts may be used to predictably tailor polyolefin 
comonomer incorporation levels for the copolymerization of ethylene and higher α-
olefins. This ability is facilitated by utilizing a redox-active olefin polymerization catalyst 
that once reduced via in situ addition of a chemical reductant, results in a notable drop in 
α-olefin incorporation. We attribute this behavior to the reduced catalyst’s increased 
electron density and its concomitant decreased rate of α-olefin consumption. These 
results are supported by investigations into propylene and 1-hexene 
homopolymerizations, as well as by detailed GPC, DSC, GC, and NMR analyses. 
3.2 Introduction 
Polyolefins are a ubiquitous class of materials with tremendous global demand. 
For this reason, the development of advanced olefin polymerization catalysts that 
facilitate the synthesis of various polymer architectures and microstructures remains a 
highly active area of research in both academia and industry alike.1−3 Toward this goal, 
homogeneous catalysts have drawn significant interest due to their inherent “single-site” 
nature,4 which has enabled researchers to probe the reactivity of olefin polymerization 
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catalysts, advance our mechanistic understanding of the olefin polymerization process, 
and enable the synthesis of numerous tailored polyolefins.5,6 
A significant advance within the field of homogeneous olefin polymerization 
catalyst development was the discovery of highly active Ni- and Pd-based catalysts. These 
late transition metal-based catalysts possess many promising attributes and have been 
extensively investigated.2,3,7−15 One particularly interesting attribute is their ability to 
generate branched polymer architectures using ethylene as the sole monomer 
feedstock.16,17 This feature is facilitated by Ni- and Pd-based catalysts’ strong propensity 
to undergo “chain walking”.18 Chain walking is a process that occurs via a repeated series 
of β-hydride elimination and subsequent 2,1-insertion, thereby producing branched 
polymer topologies without the utilization of more costly higher α-olefins. Furthermore, 
it was discovered that the extent of chain walking could be readily modulated by 
manipulating experimental conditions such as reaction temperature and ethylene 
pressure.7,18−23 
Though variation of temperature and pressure are powerful techniques, they 
exploit control over reaction conditions rather than specific control over the catalytically 
active species itself. To address this fundamental gap, Guan and co-workers reported that 
the extent of chain walking could be altered via functionalization of a Pd-based α-diimine 
catalyst’s ligand framework with electron-withdrawing or electron-donating 
substituents.24 Therein, catalysts bearing electron-donating ligands were found to 
produce fewer branches per 1000 carbons than catalysts bearing electron-withdrawing 
substituents, which was ascribed to an increase in overall electron density at the active 
metal center. 
The discovery that ligand-based electronics could alter the relative rates of 
propagation versus chain walking is remarkable; however, a major limitation is that two 
or more catalysts must be individually synthesized and independently employed to yield 
polymers of differing microstructure. To circumvent this practical limitation, our research 
group recently reported that an olefin polymerization catalyst bearing a redox-active 
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ligand (1) could be exploited to produce a series of polyethylenes (PEs) with tailored 
microstructures.25 This was accomplished via addition of a chemical reductant during the 
polymerization, which was shown to reduce the catalytically active species and produce 
PE with a more linear polymer microstructure than polymers synthesized using the 
unreduced catalytic species. It is important to note that other researchers have also 
developed redox-active catalysts for the polymerization of lactide and olefins, thereby 
highlighting this relatively new area within the field of polymerization catalysis.26−32 
3.3 Results and Discussion 
To expand the scope of this redox-active polymerization methodology, herein we 
will demonstrate that the redox activity of catalyst 1 may be harnessed for the 
polymerization of higher α-olefins and the copolymerization of α-olefins with ethylene. 
More specifically, we will demonstrate that the ligand redox state has a notable effect on 
α-olefin polymerization rates and that those rate differences may be utilized to produce 
olefinic copolymers with tailored microstructures and α-olefin comonomer incorporation 
levels (Scheme 3.1). 
 
Scheme 3.1 Polymerization of higher α-olefins using redox-active olefin polymerization 
catalyst 1 
Prior to our investigations into the effect that added reductant has on the 
copolymerization of ethylene and higher α-olefins, we chose to examine the effects of 
ligand redox state on the homopolymerization of propylene and 1-hexene using catalyst 
1. All polymerizations were conducted using methylaluminoxane (MAO) activator as 
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previously described (Table 3.1).25 Likewise, cobaltocene (CoCp2) was used as an 
appropriate reductant (E1/2 = −1.3 V, vs Fc/Fc+) for catalyst 1 (E1/2 = −0.8 V, vs Fc/Fc+), and 
all polymerizations involving its use were conducted following the polymerization 
protocol previously reported by our group.25 
Propylene polymerizations employing catalyst 1 and CoCp2 (1.0 equiv) displayed 
an approximately 5-fold reduction in turnover frequency (TOF) (2627 vs 452) at room 
temperature (Table 3.1, entries 1−2). This trend was also observed upon cooling the 
polymerization temperature to −10 °C in which the polymerization with added reductant 
was roughly four times slower than when no reductant was added (TOF = 1580 vs 417) 
(Table 3.1, entries 3−4). As a note, polymerizations at −10 °C were investigated as catalyst 
1 is reported to polymerize propylene in a controlled/“living” manner at this 
temperature.33 This means that the catalyst now uses a different polymerization 
mechanism, thus polymers obtained are not directly comparable to polymers obtained 
when using this catalyst at higher temperatures. Despite requiring reaction times ∼4.5 
times greater than are needed when no cobaltocene is added, the polymers produced in 
the presence of added reductant reached similar molecular weights (120 kg/mol vs 134 
kg/mol) and dispersities (Đ = 1.58 vs Đ = 1.68) (Table 3.1, entries 1−2). Furthermore, the 
branching content of the resultant polypropylene samples was analyzed using 1H and 13C 
NMR; however, no differentiation in branch content or identity was observed between 
samples polymerized in the presence or absence of reductant. This similarity in branching 
was further confirmed by differential scanning calorimetry (DSC) that revealed virtually 
no variation in glass transition temperature (Tg) across all polymer samples (−20.0 °C vs 
−19.3 °C and −12.3 °C vs −12.9 °C, respectively) (Table 3.1, entries 1−4). 
Additionally, 1-hexene polymerizations were conducted using catalyst 1 in the 
presence or absence of CoCp2 reductant (Table 3.1). Similar to the observed propylene 
polymerization results, polymerizations of 1-hexene in the presence of 1.0 equiv of CoCp2 
displayed a 2−3 times reduction in TOF (1916 vs 644). Polymerizations of 1-hexene using 
catalyst 1 (no added reductant) reached near quantitative conversion in ∼2 h, while 1- 
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Table 3.1 Polymerization of Propylene and 1-Hexene Using Redox-Active Catalyst 1a,b 
entry 
(kg/mol) monomer 
CoCp2 
(μmol) 
time 
(h) 
Trxn 
(°C) 
yield 
(g) 
TOFc 
(h−1) Mnd 
Mwd 
(kg/mol) Đd 
Tge 
(°C) 
1 propylene 0 2 20 2.21 2627 120 189 1.58 −20.0 
2 propylene 10 9 20 1.71 452 134 224 1.68 −19.3 
3 propylene 0 2 −10 1.33 1580 97 115 1.19 −12.3 
4 propylene 10 9 −10 1.58 417 135 243 1.80 −12.9 
5 1-hexene 0 1 20 0.54 1916 77 82 1.06 −55.5 
6 1-hexene 0 2 20 0.61 1086 87 94 1.08 −55.9 
7 1-hexene 0 6 20 0.66 391 88 94 1.07 −55.8 
8 1-hexene 10 1 20 0.18 644 119 144 1.21 −55.4 
9 1-hexene 10 2 20 0.24 426 121 213 1.76 −56.9 
10 1-hexene 10 4 20 0.51 460 130 259 1.99 −55.2 
11 1-hexene 10 6 20 0.64 383 158 211 1.33 −55.8 
aPropylene polymerization conditions: 10.0 μmol of catalyst 1, 5.40 g (±0.04 g) of 
propylene, 98 mL of toluene, 2 mL of dichloromethane, and 92 equiv of MAO. b1-Hexene 
polymerization conditions: 10.0 μmol of catalyst 1, 1 mL of 1-hexene, 18 mL of toluene, 2 
mL of dichloromethane, and 92 equiv of MAO. cTurnover frequency (TOF) = mol of 
monomer/(mol of cat. × h). dDetermined using triple detection gel permeation 
chromatography at 140 °C in 1,2,4-trichlorobenzene. eDetermined by differential 
scanning calorimetry, second heating cycle 
 
Figure 3.1 Plot of yield vs time for the polymerization of 1-hexene using catalyst 1 in the 
presence of CoCp2 (1 equiv) (red squares) and absence of CoCp2 (blue circles). 
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hexene polymerizations using catalyst 1 and CoCp2 (1 equiv) showed a dramatic reduction 
in the overall rate of monomer conversion, only reaching full after ∼6 h ( 
Figure 3.1). Furthermore, despite the reduced rate of 1-hexene conversion for catalyst 1 
in the presence of 1.0 equiv of CoCp2, yields and molecular weights of the resultant 
poly(1-hexene) were found to steadily increase throughout the 6 h polymerization period, 
reaching molecular weights up to 158 kg/mol at full monomer conversion (Table 3.1, entry 
11) with moderate molecular weight distributions (Đ = 1.21 → 1.99) (Table 3.1, entries 
8−11). 
 In addition to remarkably lower TOFs, α-olefin polymerizations in the presence of 
CoCp2 displayed a notable increase in dispersity. For example, polymerizations of 1-
hexene using catalyst 1 in the absence or presence of CoCp2 produced dispersity values 
of Đ = 1.08 or Đ = 1.76, respectively (Table 3.1, entries 6 and 9). Though the origins of this 
increase are not fully understood at this time, these results suggest that the reduced 
catalytic species may be limited by one or any combination of factors such as time-
dependent decomposition, greater susceptibility to chain transfer events, slow catalyst 
initiation, or that only a portion of the added catalyst is active during these 
polymerizations. As a note, these effects were not observed for ethylene 
homopolymerizations, albeit they were only conducted for 30 min, potentially avoiding 
many of the deleterious effects observed during extended polymerization times. 
 To understand the source of differentiation between polymerizations in the 
presence or absence of reductant, a complete understanding of the reduced catalyst’s 
coordination environment and structure must be determined. Previous results by our 
group25 and others34 have shown that catalyst 1 first undergoes reduction of Ni(II) to Ni(I), 
but that upon methylation and activation (using MAO or TMA), the complex undergoes 
metal-to-ligand charge transfer yielding a radical-anionic ligand (observed via EPR, Figure 
2.4) chelating a Ni(II) transition-metal center. 
 Though the exact coordination environment of this species in its active state is not 
fully known, we attribute the differentiation in TOF observed herein to the radical-anionic 
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nature of the reduced and more electron-rich ligand. This electron density presumably 
reduces the electrophilicity of the Lewis acidic Ni center and slows the overall rate of α-
olefin coordination and insertion. We would also like to note that this decrease in TOF 
upon reduction of catalyst 1 is seemingly contradictory to the results of Guan et al., in 
which they showed that palladium α-diimine catalysts bearing more electron-donating 
ligands often display an increase in polymerization activity.24 However, we would also like 
to highlight that while reduced catalyst 1 is indeed more electron rich due to the addition 
of an electron, the active Ni center is coordinated by a radical-anionic α-diimine ligand,25 
which is in stark contrast to the catalysts reported by Guan et al where each catalyst 
featured a neutral α-diimine ligand.24,35,36 
Encouraged by the observed decrease in conversion rate for higher α-olefin 
homopolymerizations and capitalizing on catalyst 1’s ability to modulate polyethylene 
branching content as a function of added reductant,25 we evaluated the copolymerization 
of ethylene and 1-hexene. The results of these copolymerizations are detailed (Table 3.2) 
and show that both polymer yield (3.4 g → 2.1 g) and molecular weight (Mn = 179 kg/mol 
→ 110 kg/mol) decreased as a function of added CoCp2. In comparison, ethylene 
homopolymerizations using catalyst 1 with or without added reductant showed no 
meaningful deviation in yield or molecular weight from one another.25 Based on these 
observations for the copolymerization of ethylene and 1-hexene, we attribute the 
observed decrease in yield and molecular weight to the decreased rate of 1-hexene 
conversion as a function of added reductant. Furthermore, an increase in dispersity also 
was observed as a function of added cobaltocene (Đ = 1.47 → 1.71), which is a trend that 
has been consistently observed for most all polymerizations in which reductant is 
introduced. 
Branching analysis of the copolymers via 1H NMR spectroscopy revealed a 22% 
decrease in branching content as a function of added reductant (108 → 85 branches/1000 
total carbons) (Table 3.2). Analysis of each copolymer’s branching identity by quantitative 
13C NMR spectroscopy revealed that between ∼21−31% of all branches were butyls, 
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strongly indicating that 1-hexene was likely incorporated to a significant degree in all 
cases (Table 3.3). In comparison, ethylene homopolymerizations in the presence or 
absence of added reductant were found to only produce ∼6.7−9.0% butyl branches.  
Table 3.2 Ethylene/1-Hexene Copolymerization Dataa 
entry 
CoCp2   
(µmol) 
yield 
(g) 
Mnb 
(kg/mol) Mw/Mnb Bc,d 
1 0 3.4 (±0.3) 179 1.47 108 (±0.6) 
2 5 2.5 (±0.2) 167 1.60 94 (±2.9) 
3 10 2.1 (±0.3) 110 1.71 85 (±2.5) 
aPolymerization conditions: 10.0 μmol of catalyst 1, 15 psi ethylene, 5 mL of 1-hexene, 
148 mL of toluene, 2 mL of dichloromethane, 30 min, and 100 equiv of MAO. bDetermined 
using triple detection gel permeation chromatography at 140 °C in 1,2,4-
trichlorobenzene. cBranches per 1000 total carbons determined via 1H NMR. dAverage of 
multiple trials. 
To confirm and quantify the consumption of 1-hexene during these 
copolymerizations, the polymerization solutions were analyzed via gas chromatography 
(GC) immediately after quenching. As expected, 1-hexene consumption decreased 
sharply as the amount of added CoCp2 was increased from 0.0 to 1.0 equiv relative to 
catalyst 1 (Table 3.4). More specifically, the percentage of 1-hexene consumed in each 
polymerization was 13.0%, 7.9%, and 4.5% per gram of polymer produced when 0.0, 0.5, 
and 1.0 equiv of CoCp2 was added, respectively. These results not only confirmed that the 
significant number of butyl branches present in these copolymers is a direct result of 1-
hexene incorporation, but they also emphasize that the amount of 1-hexene incorporated 
is strongly dependent on the presence and amount of CoCp2 added. 
Furthermore, a reproducible trend in comonomer incorporation was noted 
between polymer samples synthesized using catalyst 1 and its partially or fully reduced 
analogues.37−40 As CoCp2 concentration was increased, a simultaneous increase in 
percentage of methyl branches (45.6% → 53.9%) and decrease in percentage of butyl 
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Table 3.3 Ethylene/1-Hexene Copolymer Branching Identity via Quantitative 13C NMRa,b 
 amount of CoCp2 added (equiv) 
 0 0.5 1.0 
% methyl 45.6 (±1.3) 51.0 (±0.9) 53.9 (±2.1) 
% ethyl 4.5 (±0.8) 4.8 (±0.4) 4.8 (±0.6) 
% propyl 2.8 (±0.4) 3.2 (±0.6) 3.5 (±0.8) 
% butyl 30.8 (±1.4) 24.5 (±2.2) 21.3 (±1.0) 
% amyl 3.4 (±0.3) 4.2 (±0.6) 4.1 (±0.7) 
% longc 10.8 (±0.2) 11.4 (±1.8) 11.9 (±1.1) 
% sec-butyl 2.1 (±0.7) 1.0 (±0.5) 0.5 (±0.5) 
aThe values represent the percent branching of each branch type. bDetermined via 
quantitative 13C NMR. cBranches six carbons and longer. 
Table 3.4 GC analysis of 1-hexene consumed during ethylene/1-hexene 
copolymerizations 
 amount of CoCp2 added (equiv) 
 0 0.5 1.0 
amount of 1-hexene added to reactor (mL) 5.00 5.00 5.00 
amount of 1-hexene added to reactor (g) 3.37 3.37 3.37 
polymer yield (g) 3.2 2.6 2.1 
total 1-hexene consumed (g) 1.34 0.67 0.32 
total 1-hexene consumed (%) 39.8 19.9 9.5 
TOF of 1-hexene (1/hr) 3200 1600 760 
total ethylene consumed (g) 1.86 1.93 1.78 
TOF of ethylene (1/hr) 13,000 14,000 13,000 
1-hexene consumed/gram of polymera (g) 0.42 0.26 0.15 
1-hexene consumed/gram of polymera (%) 13.0 7.9 4.5 
aTo account for differing amounts of polymer produced in each polymerization, these 
values are normalized relative to the number of grams of polymer produced. 
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branches (30.8% → 21.3%) was observed (Table 3.3). Likewise, a decrease in percentage 
of sec-butyl branches was also observed (2.1% → 0.5%), which is notable because sec-
butyl branches are the smallest form of detectable branch-on-branch formation. This 
decrease in sec-butyl branching content indicates a significant decrease in the ability of 
the reduced catalyst to “chain walk” through or past a tertiary carbon center, which also 
was observed for ethylene homopolymerizations.25 
Lastly, it is informative to analyze individual copolymer branch content as a 
function of added reductant in terms of branches per 1000 carbons, which is a standard 
parameter within the field of polyolefins. A plot of the number of methyl, butyl, long, and 
sec-butyl branches per 1000 total carbons relative to amount of CoCp2 added to the 
polymerization reaction is presented (Figure 3.2). It can be observed that the actual 
numbers of methyl, butyl, long, and sec-butyl branches decrease as a function of added 
reductant. In particular, butyl branching decreases sharply, from 33.2 → 18.1 branches 
per 1000 total carbons, which represents an overall reduction in butyl branches of 45%. 
This significant drop is attributed to the decreased rate of the reduced catalyst of 1-
hexene incorporation relative to the rate of ethylene incorporation. Because the number  
Figure 3.2 Plot of methyl (red circles), butyl (blue squares), long (green triangles), and 
sec-butyl (purple diamonds) branches/1000 C's for copolymers produced using 1 as a 
function of added reductant (CoCp2). 
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of ethyl, propyl, and amyl branches per 1000 total carbons remained relatively constant 
for each polymer, for clarity they were not included. 
3.4 Conclusions 
 We have demonstrated that when using redox-active catalyst 1 the rate of higher 
α-olefin polymerization was significantly altered as a function of added reductant. 
Specifically, we found that propylene and 1-hexene polymerizations using catalyst 1 and 
a stoichiometric amount of CoCp2 displayed a dramatically slower rate of monomer 
conversion as compared to analogous polymerizations conducted in the absence of 
reductant. This behavior is in stark contrast to ethylene homopolymerizations in which no 
significant alteration in rate of conversion was observed as a function of added 
reductant.25 
 Finally, we capitalized on this unique ability to independently decrease the rate of 
1-hexene incorporation relative to that of ethylene in order to systematically modulate 
comonomer incorporation levels as a function of added reductant for the 
copolymerization of ethylene and 1-hexene. We attributed the decreased rate of higher 
α-olefin incorporation in these copolymers to the radical-anionic nature and increased 
electron density of the chelating ligand that results from the in situ reduction of catalyst 
1 and its resultant decrease in electrophilicity of the active Ni center.  
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4 ACCESSING MULTIPLE POLYETHYLENE GRADES 
VIA A SINGLE REDOX-ACTIVE OLEFIN 
POLYMERIZATION CATALYST 
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4.1 Abstract 
The ability to control catalytic activity via redox-activity has had a significant 
impact on the field of polymerization catalysis. This chapter describes the synthesis of 
three unique Ni-based olefin polymerization catalysts bearing redox-active α-diimine 
ligands. We will demonstrate that catalysts bearing butanedione- or glyoxal-derived 
ligands display little to no differentiation as a function of redox-state. However, in stark 
contrast we will show that the catalyst bearing an acenaphthenequinone-derived ligand 
is capable of producing either medium-density or very-low-density polyethylene based 
purely on its ligand-based redox-state. This ability to access more than one polyethylene 
grade via a single redox-active catalyst is unprecedented. 
4.2 Introduction 
Heterogeneous catalysts employing group 4 transition metals are commonly used 
to synthesize polyolefins industrially; however, homogeneous catalysts based on group 
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10 transition metals remain an intriguing class of catalysts, specifically in academia, due 
to their ability to undergo chain walking.1-6 Chain walking is a process by which an active 
catalyst may migrate along a growing polymer backbone through a sequential series of β-
hydride eliminations and re-insertions. If that catalyst coordinates and inserts a monomer 
while "walking" along the polymer backbone, a branch point is created.7,8 Because chain 
walking facilitates the synthesis of branched polymers using ethylene as its only 
feedstock, it eliminates the need to copolymerize costlier higher α-olefin comonomers, 
such as 1-hexene and 1-octene. This behavior was first observed for Ni- and Pd-based 
catalysts bearing α-diimine ligands by Brookhart and co-workers in 1995.9 
Following this seminal report, researchers have since shown that the degree of 
chain walking, and thus polyethylene branch content, may be tailored via careful control 
of reaction parameters such as polymerization temperature and ethylene feed pressure.7, 
8 Furthermore, researchers have shown that a catalyst’s propensity to undergo chain 
walking may be dramatically influenced by the electronic nature of its chelating ligand.10 
As an example, Guan and co-workers reported that by modifying the ligand of an α-
diimine ligated Pd catalyst with electron-donating or electron-withdrawing substituents 
that they could predictably control polymer branch content. More specifically, they 
demonstrated that less branched polymer was produced by catalysts bearing electron 
donating ligands, whereas more electron deficient ligands were shown to notably 
increase polymer branch content.10 Inspired by this unique ability to control polymeric 
microstructure via tuning ligand electronics, olefin polymerization catalysts bearing 
redox-active ligands have since been developed.11-15 
Electronic modification of a ligand via redox-activity provides a distinct advantage 
in that a single catalyst may be used to produce a variety of polymer microstructures, 
rather than relying on a series of discrete catalysts.16-20 An intriguing class of redox-active 
olefin polymerization catalysts are those bearing acenaphthenequinone-derived α-
diimine ligands, which have been shown to possess redox-activity without requiring 
elaborate synthetic modifications.12,13 A recent report by our group demonstrated that in 
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situ reduction of a Ni-based  α-diimine catalyst could facilitate the synthesis of a range of 
polymeric microstructures without the need to alter reaction attributes such as 
temperature or ethylene feed pressure.12 
4.3 Results and Discussion 
Building upon this discovery, we sought to develop an advanced generation of 
related olefin polymerization catalysts. Specifically, we sought to synthesize and test 
three distinct α-diimine catalysts (Scheme 4.1) that not only contain a redox-active 
acenaphthenequinone-derived ligand backbone, but that contain pendant ferrocenyl 
moieties. We hypothesized that the incorporation of these ferrocenyl groups would serve 
two functions. First, the incorporation of ferrocenyl substituents should provide 
additional opportunities for redox-activity. They have been employed in a variety of other 
redox-active catalytic systems, including polymerization catalysis.14,16,21 The 
incorporation of additional redox-active sites onto an already redox-active ligand 
backbone structures, such as acenaphthenequinone-derived catalysts, provides a distinct 
opportunity to access not only a reduced catalytic species, but also a doubly oxidized 
form. The second proposed function of the ferrocenyl substituents was that the 
incorporation of such electron-rich groups onto a diimine catalyst's N-aryl moieties should 
result in an overall decrease in polyethylene branching, as has been reported.10 This will 
lead to polyethylenes with greater practical utility than the highly branched polymers 
obtained previously.12 
 
Scheme 4.1 Ethylene polymerization with redox-active diimine catalysts 
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Herein we demonstrate that catalysts 2-4 are all active olefin polymerization 
catalysts; however, catalysts 3 and 4 only show minor differentiation between ligand 
redox states. In contrast, we show that catalyst 2 displays significant differentiation 
between ligand redox-states, producing polyethylene with over 400% greater branching 
content when it is in the native oxidation state compared to when it is in its reduced state. 
This drastic change in branching content leads to the synthesis of either medium-density 
or very-low-density polyethylene based purely upon the ligand-based redox-state. 
Our initial synthetic route to α-diimine ligands 2L-4L involved Sonogashira 
coupling of ethynyl ferrocene with 4-iodo-2,6-diisopropylaniline, followed by imine 
condensation onto the appropriate diketone. While this path was successful for the 
synthesis of 4L, it yielded little to no ligand during condensation with either 2,3-
butanedione or acenaphthenequinone to yield ligands 2L and 3L, respectively. In an effort 
to access these ligands, we adopted an alternate approach (Scheme 4.2) that involved 
condensation of 4-iodo-2,6-diisopropylaniline onto the appropriate diketone followed by 
Sonogashira coupling with ethynyl ferrocene to yield ligands 2L-4L in overall moderate 
yield (2L: 41%, 3L: 64%, 4L: 55%). Ligands were characterized via 1H NMR and 13C NMR 
spectroscopy, elemental analysis, and High Res Mass Spectroscopy (HRMS). 
Ligands 2L-4L were subsequently metallated using (Dimethoxyethane)NiBr2 in 
dichloromethane to provide precatalysts 2-4. Analysis of precatalysts 2, 3, and 4 via 1H 
NMR spectroscopy showed that they were all paramagnetic in nature, which is expected 
for tetrahedral nickel (II) α-diimine complexes. X-ray crystallographic analysis of 
precatalyst 2 (Figure 4.1) revealed that it exists as a dimer in the solid state (though not 
in solution), which has been observed for other related Ni(II) α-diimine analogues.9  
To better understand the ability of these complexes to undergo oxidation or 
reduction, complexes 2-4 were studied via cyclic voltammetry (CV) (Figure 4.2). Their 
respective voltammagrams are referenced to a ferrocene/ferrocenium (FeII/FeIII) 
standard, and scans used a scan rate of 100 mV/s in DCM using [nBu4N][PF6] (0.1 M) as an 
electrolyte. As can be observed, all three precatalysts show 
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Scheme 4.2 Synthesis of ferrocene modified α-diimine ligands 2L-4L. Reaction 
conditions: a) formic acid in methanol, reflux for 24 h, b) ethynyl ferrocene, 
Pd(PPh3)2Cl2, CuI, and triethylamine in THF at 65° C for 6 h 
 
Figure 4.1 ORTEP representation of precatalyst 2. Hydrogen atoms and solvent 
molecules are omitted for clarity. Thermal ellipsoids are drawn at 50% probability. 
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quasi-reversible peaks corresponding to their pendant ferrocenyl moieties (precatalyst 2: 
E1/2 = 0.093 V, precatalyst 3: E1/2 = 0.098 V, precatalyst 4: E1/2 = 0.15 V). In contrast, only 
precatalyst 2 demonstrated a quasi-reversible peak (E1/2 = -0.74 V) corresponding to the 
acenaphthene-based ligand backbone. Precatalyst 3 showed an irreversible reduction at 
E1/2 = -0.77 V and precatalyst 4 showed no significant electrochemical activity that would 
correspond to reduction of the ligand backbone. Based on the CV traces, cobaltocene 
(CoCp2) was chosen as a suitable reductant and silver [tetrakis(bis-3,5-
trifluoromethylphenyl) borate] (AgBArF) was chosen as the oxidant for all precatalysts.22  
To ensure that both reduction and oxidation were indeed occurring prior to 
activation of the precatalysts by addition of MAO, EPR studies were conducted using 
catalyst 2 (Figure 4.3, Figure 4.4). As expected, native catalyst 2 is EPR silent at liquid  
 
Figure 4.2 Cyclic voltammetry trace of precatalyst 2 (top), 3 (middle), and 4 (bottom) 
(referenced to Fe(II)/Fe(III)). 
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nitrogen and room temperature; however, upon addition of 1 equivalent of cobaltocene 
reductant, an EPR signal corresponding to a nickel (I) species is observed (gxx=2.49 G; 
gyy=2.34 G; gzz=2.03). This is in strong agreement with previous results showing that the 
initial reduction of the ligated Ni(II)Br2 species yields a Ni(I) species, but that upon addition 
of MAO or TMA, undergoes metal-to-ligand charge transfer resulting in an active Ni(II) 
center bearing a reduced ligand.12 Furthermore, the EPR spectra of native catalyst 2 
following oxidation using AgBArF showed axial symmetry, which is characteristic for 
ferrocenium cations (gxx=2.23 G; gyy=2.07 G; gzz=2.05), confirming that ligand oxidation 
was indeed occurring prior to activation with MAO.23 Lastly, quantification of EPR spectra 
for both the reduced and oxidized species supported the formation of a singly reduced 
and doubly oxidized species, respectively (Figure C.48, Figure C.49).  
Prior to any investigations into their redox-activity, ethylene polymerizations were 
performed using precatalysts 2-4 under previously reported conditions (Table 4.1).9, 12 
From this data, a notable decrease in polymer yield was observed as a function of catalyst 
backbone structure (1.05 g  0.22 g) (Table 4.1, entries 1-3). Likewise, catalyst 4 
produced polyethylene having significantly lower molecular weight (45 kg/mol) than 
catalysts 2 and 3 (~200 kg/mol). Finally, a trend of increasing trend in molecular weight  
 
Figure 4.3 EPR spectrum of 2 in toluene at 120 K following addition of cobaltocene. 
(gxx=2.49 G, gyy=2.34 G, gzz=2.03)  
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Figure 4.4 EPR spectrum of 2 in toluene at 120 K following addition of AgBArF. (gxx=2.23 
G, gyy=2.07 G, gzz=2.05) 
dispersity (Đ) was observed for polymers obtained using catalysts 2-4, though all were 
relatively similar (Đ = 2.1 ±0.4). These broadened dispersities suggest that catalysts 3 and 
4 undergo increased levels of chain transfer and/or termination relative to 2.  
Interestingly, catalysts 2-4 yielded polyethylene with branching numbers ranging 
from 40 to 6 branches per 1000 total carbons. These low branching numbers clearly 
indicate that while the immediate coordination environment around the active Ni center 
is identical to previously reported catalysts,9 the distal ferrocenyl moieties donate 
electron density to the active metal site, thereby decreasing these catalyst's propensity 
to undergo chain-walking. This observation is in strong agreement with Guan et al. who 
have shown that related -diimine catalysts bearing more electron donating ligands 
produce fewer branches per 1000 carbons.10 To investigate the effects of redox-state on 
ethylene polymerization behavior, each catalyst was screened using either 2 equivalents 
of AgBArF as an oxidant, or 1 equiv of cobaltocene as a reductant (Table 4.2). Upon 
oxidation of catalyst 2 using 2 equiv of AgBArF (2ox), virtually no change in polymer yield, 
molecular weight, branching content, and melting transition temperature was observed 
in the polymers formed (Table 4.2, entries 1-2). In contrast, reduction of precatalyst 2  
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Table 4.1 General polymerization data using catalysts 2, 3, and 4a 
entry catalyst yield (g) 
Mnb 
(kg/mol) Đb Bc 
1 2 1.05 222 1.7 40 
2 3 0.62 199 2.0 25 
3 4 0.22 45 2.5 6 
aPolymerization conditions: 5.0 μmol catalyst, 98 mL of toluene, 2 mL of dichloromethane, 
20 °C, 15 psi ethylene, 15 min, and 500 equiv. of MMAO. bDetermined using triple 
detection gel permeation chromatography at 140 °C in 1,2,4-trichlorobenzene. 
cDetermined by 1H NMR spectroscopy. 
with 1 equivalent of cobaltocene (2red) resulted in a decrease in polyethylene yield (1.05 
 0.66 g), while still obtaining relatively similar molecular weights (222 vs. 264 kg/mol) 
(Table 4.2, entries 2-3). Perhaps most intriguing was that when using catalyst 2red, a 
dramatic decrease in polymer branching content (B = 40  9) and a concomitant increase 
in melting transition temperature (Tm = 107°  119°) was observed (Table 4.2, entries 2-
3). This represents a greater than 400% increase in branching from the reduced catalytic 
species (2red) to the native catalyst 2. We attribute this reduction in polyethylene 
branching to the greater electron density of the reduced ligand, which in turn decreases 
the catalyst's propensity to undergo chain-walking relative to coordination and insertion 
in a linear fashion.12  
To further characterize this drastic change, the density of each polyethylene 
sample was measured using Archimedes Principle. It was found that the density of 
polyethylene produced when using reduced catalytic species 2red was 0.93 g/mL (typical 
of medium-density polyethylene (MDPE)), whereas polyethylene produced using native 
catalyst 2 had a density of 0.90 g/mL (classified as very-low-density polyethylene 
(VLDPE)).24We attribute this more than 400% increase in branching content and overall 
change in polyethylene grade (density) to the increased ligand-based electron density of 
catalyst 2red relative to native catalyst 2. The acenaphthenequinone backbone is believed 
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Table 4.2 Polymerization data using catalysts 2, 3, and 4 and redox agentsa 
entry catalyst yield (g) 
Mnb 
(kg/mol) Bc Tmd (°C) 
1 2oxe 1.09 235 39 107 
2 2 1.05 222 40 107 
3 2rede 0.66 264 9 119 
4 3oxe 0.63 179 28 102 
5 3 0.62 199 25 105 
6 3rede 0.03 196 23 110 
7 4oxe 0.24 52 6 129 
8 4 0.22 45 6 129 
9 4rede 0.06 45 5 130 
aPolymerization conditions: 5.0 μmol catalyst, 98 mL of toluene, 2 mL of dichloromethane, 
20 °C, 15 psi ethylene, 15 min, and 500 equiv. of MMAO. bDetermined using triple 
detection gel permeation chromatography at 140 °C in 1,2,4-trichlorobenzene. 
cDetermined by 1H NMR. Branching numbers obtained using 2 were averaged over 
multiple trials to ensure accuracy. dDetermined using differential scanning calorimetry 
(DSC), second heating cycle.  e2 equiv of AgBArF was added to trials labeled “ox”, whereas 
1 equiv. of cobaltocene was added to trials labeled “red”. 
to be the site of the one electron reduction, which is stabilized via delocalization about 
its bisimidoethane bridge.25, 26 This increased ligand electron-density is then donated to 
the active metal center, thereby slowing the relative rate of chain-walking (branching) as 
compared to ethylene coordination and insertion in a linear fashion. This result is in 
perfect agreement with previous work by our group and others.10, 12 
When examining oxidized precatalysts 3ox and 4ox, negligible changes in 
polyethylene yield and molecular weight were observed when compared to native 
catalysts 3 and 4 (Table 4.2, entries 4 and 7 versus entries 5 and 8, respectively). In 
contrast, a dramatic decrease in yield is noted for polymerizations in which 1 equiv of 
cobaltocene reductant was added to precatalysts 3 and 4 to yield precatalysts 3red and 
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4red, respectively (Table 4.2, entries 6 and 9). We attribute this decrease in polymer yield 
to the instability of the reduced catalytic species, which may have also been partially 
foreshadowed by their respective CV traces showing the lack of reversible redox events 
corresponding to reduction of their ligand backbones. Finally, there was no significant 
change in polyethylene branch content observed when using the catalyst series 3, 3ox, 
and 3red (Table 4.2, entries 4-6), as well as no significant change for the catalyst series 4, 
4ox, and 4red (Table 4.2, entries 7-9). 
When comparing activated catalysts 2-4 and their reduced or oxidized analogues, 
each catalyst produced only lightly branched polyethylene, with the highest being 40 
branches per 1000 C’s (Table 4.2, entry 2). As was mentioned earlier, this was predicted 
due to the highly electron donating nature of the pendant ferrocenyl moieties. Electron 
donating groups appended to the N-aryl positions of α-diimine ligand frameworks have 
been previously shown to enhance the linearity of the polymer produced, relative to their 
unsubstituted analogues.10 Quantitative 13C NMR analysis of the polymers generated by 
catalyst 2 showed that virtually all branches were methyl groups, regardless of the 
presence or absence of a redox reagent (  Figure C.17).27, 28 
Lastly, it was noted that when using catalysts 2-4, no significant difference in 
polymer yield, molecular weight, or branch content was observed when oxidant was 
added to the catalyst system prior to activation with MAO. A similar observation was 
reported by Gibson and coworkers in which they were unable to show catalytic 
differentiation when using olefin polymerization catalysts bearing ferrocenyl-derived 
ligand.14 They attributed this lack of differentiation between redox states to the ability of 
trimethylaluminum (TMA), which is present in trace amounts in the activator MAO, to act 
as a reductant. More specifically, they proposed that their catalysts bearing oxidized, 
ferrocenium moieties were re-reduced in situ by TMA, thereby negating any effects by 
the oxidized ligand structure. Our work also agrees with this hypothesis and suggests that 
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an activator free of alkyl aluminum contaminants is required for the development of a 
ferrocenyl-based, redox-active olefin polymerization catalyst. 
4.4 Conclusions 
We have presented a new series of α-diimine ligated, Ni-based catalysts (2-4) that 
are active for the polymerization of ethylene. We have demonstrated that redox-active 
catalyst 2 can produce polymers with dramatically different branching content as a direct 
function of added reductant. More specifically, a more than 400% increase in branching 
content is observed when comparing catalyst 2red to 2. This change in branching as a 
function of ligand-based redox-state ultimately results in the ability to access more than 
one polyethylene grade or density (very-low-density  medium-density polyethylene) 
while using only a single redox-active catalyst. We attribute this behavior to the increased 
electron density of the ligand after reduction, and therefore increased electron density 
that is donated to the active metal center. 
We have demonstrated that while catalysts 3 and 4 are competent ethylene 
polymerization catalysts in their native oxidation state, they show no differentiation upon 
oxidation of their ferrocenyl moieties and show little to no activity upon reduction of the 
ligand backbone. Finally, we have provided further evidence that ferrocenyl-based, redox-
active olefin polymerization catalysts may not be suitable redox-active catalysts when 
using MAO as a coactivator. This is hypothesized to be due to trace TMA contaminants 
that may re-reduce ferrocenium species in situ, and indicates that alternative ligand 
designs or activators should be targeted for future redox-active olefin polymerization 
studies. 
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5 CONCLUSIONS AND FUTURE DIRECTIONS 
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5.1 Conclusions 
 The work presented serves as fundamental evidence that redox-active catalysis 
can be used to successfully control several aspects of the olefin polymerization process. 
First, it was demonstrated that, following addition of a chemical reductant, a known late-
transition metal catalyst can predictably control branching density during the 
polymerization of ethylene. This was confirmed via 1H NMR, GPC, and quantitative 13C 
NMR analyses, and showed that polymers synthesized by the native catalyst reproducibly 
displayed ∼30% more branches per 1000 carbons than when using the reduced form of 
the redox-active catalyst. Following computation and characterization techniques, we 
demonstrated that redox manipulation alters the electrophilicity of the active metal 
center leading to unique polymerization behavior dependent on the ligand-based redox 
state. We were the first group to report this successful example of catalytic differentiation 
between a single catalyst species in different oxidation states for the synthesis of high 
molecular weight PE.  
 Following our investigation in Chapter 2, we examined the polymerization of two 
higher α-olefins, propylene and 1-hexene, using the same redox-active nickel catalyst. 
Much to our surprise, a significant decrease in the rate of polymerization was observed 
when using the reduced catalyst versus the native catalyst. This behavior contrasts with 
ethylene homopolymerizations in which no significant alteration of conversion rate was 
observed when using the reduced catalyst. Exploiting this monomer-dependent kinetic 
phenomenon, we generated copolymers of ethylene and 1-hexene that had significantly 
different 1-hexene incorporation levels depending on the oxidation state of the catalyst. 
We attribute the decreased rate of higher α-olefin incorporation in these copolymers to 
the radical-anionic nature of the chelating ligand that results from the in situ catalyst 
reduction and its resultant decrease in electrophilicity of the active Ni center.  
Utilizing what was learned in Chapters 2 and 3 led us to design our own Ni-based 
diimine systems. As with the first catalyst tested, we were able to modulate branching 
content significantly by exploiting different redox-states of these newly synthesized 
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catalysts, but more substantially, we were able to access more than one grade of 
polyethylene (MDPE to VLDPE) depending on the ligand-based oxidation state.  
Together these results lay the foundation of redox-active catalysis for the 
polymerization of olefins. Currently, redox-active catalysts exist as an endeavor for 
academia moreso than a method that is useful for industrial purposes, but they show 
potential if our understanding of them can be used to develop more functional systems. 
In the future it will be important for functional redox-active systems to have several 
features: 1) they must be tolerant of polar functional groups, allowing access to 
significantly more polymer architectures, 2) they must not only be redox-active, but 
redox-switchable systems, meaning the oxidation state changes are highly reversible and 
robust, and 3) a more efficient method (ideally an external method) for altering the 
oxidation state of the catalyst should be developed, i.e., photoredox, bulk electrolysis, 
etc.  
5.2 Future Directions 
Our success with redox-active catalysts has led us to pursue several different 
potential candidates in an effort to understand the breadth and applicability of these 
systems for olefin polymerization. The most successful results were detailed in Chapters 
2-4; however, more catalysts have been and are still under examination by our group. 
These catalysts have been divided in the following sections based either on their ligand 
framework or the metal center used in polymerization.  
5.2.1 Phenoxyimine Systems Currently Under Investigation 
Following the initial works presented herein, several alternative catalytic designs 
are under investigation to try and improve upon the “redox-active” paradigm. The most 
important first step is to examine redox-active systems which do not require MAO or TMA 
as a coactivator, since the reducing nature of these species counteracts any oxidation, 
ergo removing the possibility of a redox-switchable system (particularly if ferrocene is the 
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redox-active portion of the molecule). Phenoxyimine-based systems are potential 
candidates for advanced redox-active olefin polymerization catalysts since they also use 
group 10 metals and they can be activated without MAO (Figure 5.1). These catalysts have 
been extensively studied and are known to be highly active, can produce a range of 
architectures, and some can tolerate polar additives and comonomers.1-8 Using a 
phenoxyimine ligand, the nickel center remains neutral during polymerization due to the 
monoanionic scaffold which contains an L and X- type bond coming from the nitrogen and 
oxygen, respectively. This allows for synthesis of the precatalyst with alkyl substituents 
already bound to the nickel center, removing the need for activation via methylation by 
TMA or MAO.  
 
Figure 5.1 Phenoxyimine systems currently being investigated for redox-active 
polymerization 
Catalyst 5 was chosen as it is a previously reported polymerization catalyst that 
does not require a coactivator and the bisphenol portion of the ligand may possess some 
redox-active character.9 Catalyst 6 is an original design based on a catalyst first reported 
by Grubbs et al. that has a very high activity for ethylene polymerization.4,5 Since the steric 
bulk surrounding the active metal center in 6 is not sufficient to effectively dissociate the 
bound triphenylphosphine, Ni(COD)2 is added to act as a phosphine scavenger and initiate 
olefin polymerization.  
Preliminary work using catalyst 5 thus far includes completed synthesis of the 
catalyst, cyclic voltammetry, and some trials of polymerization. 1H NMR data was 
compared to reported spectra and confirm the identity of the catalyst (Figure D.). 
Following successful synthesis, cyclic voltammetry revealed an irreversible peak with 
68 
 
E1/2=0.19 V (Figure 5.2). The presence of redox activity for this catalyst led us to begin 
investigating polymerization trials with this catalyst in the native state and in the presence 
of an oxidant (Table 5.1). Several oxidants were tested to examine the compatibility and 
performance of each with the active catalyst. Unfortunately, the only difference noticed 
between the polymers produced by the native and oxidized catalysts is a slight decrease 
in yield in entries 1, 2 and 12. The presence of black precipitate in the reactor shortly after 
beginning leads us to believe this species is most likely undergoing catalyst deactivation, 
but more experiments are underway to fully understand the system.  
During our initial trials examining catalyst 5 in the presence and absence of an 
oxidant (entries 1 and 2, Table 5.1), we chose to examine this catalyst in the presence of 
polar additives as well. Marks et al. recently reported a phenoxyimine catalyst with a 
similar intramolecular hydrogen bond from a hydroxyl group near the nickel center that 
allowed the catalyst to be tolerant of compounds that typically poison nickel 
polymerization catalysts.10 We found that this catalyst exhibits this behavior as well, 
which was not mentioned when 5 was first reported. The tolerance of these catalysts to 
polar additives is believed to arise from the presence of the -OH group near the active 
 
Figure 5.2 CV trace of catalyst 5 
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metal center, because when a similar catalyst with a -OCH3 group was used, this behavior 
is not observed.11 
Another phenoxyimine catalyst we chose to examine is an original design requiring 
synthesis and characterization of ligand 6L and catalyst 6 (Scheme 5.1). Thus far, 1H NMR 
has been completed for both and aligns with our expectations for the spectra (Figure D.2, 
Figure D.3). Following synthesis of catalyst 6, cyclic voltammetry measurements were 
performed to evaluate the potential redox activity of the catalyst (Figure 5.3). Some 
polymerization results have also been acquired (Table 5.2). Entries 1-3 show a rather low 
activity with only milligrams of polyethylene being generated every hour. Between entries 
2 and 3, there is not a significant difference in polymer yield, suggesting that the catalyst 
becomes inactive sometime after 3 hours. In contrast, entries 4-6 include using AgBArF as 
an oxidant and show significantly higher yields of polyethylene. Not only does each 
polymerization 
Table 5.1 Preliminary polymerization results using catalyst 5 
entry additive oxidant yield (g) Bb 
1 None None 3.7 76 
2 None AgBArF 2.3 72 
3 Water None 0.9 73 
4 Water AgBArF 0.8 74 
5 Acetone None 1.2 74 
6 Acetone AgBArF 1.3 76 
7 
Methyl 
Acrylate None 0 - 
8 
Methyl 
Acrylate AgBArF 0 - 
9 None AcFcBArF 0 - 
10 Norbornene None Trace 78 
11 
Methyl 
Undecanoate None 3.3 75 
12 None AgOTf 2.5 72 
13 None NOBF4 Trace 80 
14 None NOBF4 Trace 77 
aPolymerization conditions: 10 μmol catalyst, 48 mL of toluene, 2 mL of dichloromethane, 
40 °C, 100 psi ethylene, and 1 h. bDetermined by 1H NMR spectroscopy.  
70 
 
 
Figure 5.3 CV trace of catalyst 6 
 
Scheme 5.1 Synthesis of ligand 6L and catalyst 6. A) Reflux in Acetic Acid with ICl. B) 
ethynyl ferrocene, Pd(PPh3)2Cl2, CuI, and triethylamine in THF at 70 °C for 6 hr C) 
Tertbutyldimethylsilylchloride, imidazole, DCM, stir at RT for 24 hr D) Reflux in 
methanol with acetic acid E) 1) NaH in THF, 2) Ni(PPh3)2Cl(Np) in toluene 
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Table 5.2 Preliminary polymerization results using catalyst 6 
entry oxidant time (h) yield (g) 
1 None 1 0.011 
2 None 3 0.033 
3 None 24 0.035 
4 AgBArF 1 0.11 
5 AgBArF 3 0.21 
6 AgBArF 24 2.30 
aPolymerization conditions: 5 μmol catalyst, 10 μmol Ni(COD)2 (activator/phosphine 
scavenger), 48 mL of toluene, 2 mL of dichloromethane, 20 °C, and 100 psi ethylene.  
contain higher yields but entry 6, which produces 2.3g of polymer, indicates that no 
significant catalyst deactivation is occurring. These results suggest this catalyst may have 
increased stability or decreased deactivation potential, and polymerizes at a higher rate 
following oxidation. More studies will ensure accurate polymerization results and to 
identify the cause of this behavior.  
One additional phenoxyimine ligand and catalyst have been synthesized (Figure 
5.4) and 1H NMR spectra are reported (Figure D.4, Figure D.5). Unfortunately, no 
successful polymerization results have been obtained using this catalyst thus far. We 
believe it is inactive toward olefin polymerization due to the absence of steric bulk on the 
imine nitrogen near the active metal center, which is typically required to prevent catalyst 
deactivation and/or chain transfer events. 
 
 
Figure 5.4 Synthesis of ligand 7L and catalyst 7 
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5.2.2 Palladium-based Catalysts 
Given their history in polymerization catalysis, a logical selection for redox-active 
catalysis is a palladium-based system. They are also a rational candidate because of their 
capability of being activated without MAO (which can cause issues when trying to use an 
oxidant) and their tolerance of polar functionality.12-17 Since synthesis of the diimine 
ligands used in Chapter 4 (2L,3L,4L) was already complete, we decided to metallate those 
ligands with Pd(COD)MeCl (Scheme 5.2).  
Following synthesis, preliminary ethylene polymerization studies using catalysts 8, 
9, and 10 were conducted to gauge the catalytic activity and tolerance toward polar 
comonomers such as methyl undecanoate (MU) (Table 5.3). Entries 1-3 were performed 
to examine the overall catalyst performance in the neutral state, in the presence of 
oxidant, and in the presence of reductant.  
The polymer yield was similar in entries 1 and 2 (Table 5.3), suggesting the catalyst 
is fairly stable in the presence of AgBArF. Following addition of oxidant, the branching 
content appears to decrease when compared to the native catalyst, which directly 
contradicts previous results of ours. Since this is only a single trial and this result is not 
seen in entry 5, this is most likely an abnormality and will need to be confirmed by 
successive trials. In the presence of reductant, the catalyst yielded no polymer and was 
accompanied by a black precipitate, suggesting catalyst decomposition or deactivation. 
Entries 4 and 5 contained methyl undecanoate to examine the ability of the catalyst to 
copolymerize a polar monomer with ethylene. No incorporation was observed, however. 
 
Scheme 5.2 Synthesis of catalysts 8-10 
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Table 5.3 Polymerization results obtained using catalysts 8, 9, and 10a 
entry catalyst redox agent 
time 
(h) monomer 
yield 
(g) Branchesb 
M.U. 
incorporationb 
% 
1 8 None 24 ethylene 0.58 103 N/A 
2 8 AgBArF 24 ethylene 0.47 83 N/A 
3 8 CoCp2 24 ethylene 0 N/A N/A 
4 c 8 None 24 ethylene/MU 0.25 103 0 
5 c 8 AgBArF 24 ethylene/MU 0.27 102 0 
6 9 None 18 ethylene 1.9 87 N/A 
7 9 AgBArF 18 ethylene 1.8 87 N/A 
8 9 None 18 ethylene/MU 2.2 86 0.1 
9 9 AgBArF 18 ethylene/MU 2.0 89 0.1 
10 c 9 None 6 ethylene 1.2 87 N/A 
11 c,d 9 None 6 ethylene/MU 0.9 87 0.7 
12 c 10 None 24 ethylene trace N/A N/A 
13 c 10 AgBArF 24 ethylene trace N/A N/A 
aPolymerization conditions: 10 μmol catalyst, 12 μmol NaBArF (activator), 48 mL of 
toluene, 2 mL of dichloromethane, 20 °C, and 300 psi ethylene. bDetermined by 1H NMR 
spectroscopy. cEthylene PSI = 100. d20 mL of toluene used. 
A significant increase in polymer yield is obtained using catalyst 9 (entries 6-11, 
Table 5.3) in comparison to polymerizations conducted with catalyst 8 (entries 1-5). In the 
presence of oxidant (entry 7), there is no meaningful change in yield or branching content 
for the polymer, suggesting the catalyst is either no different in an oxidized state or it was 
not successfully oxidized by AgBArF. More investigation will be necessary to determine 
the cause of this behavior. In entries 8 and 9, methyl undecanoate was successfully 
copolymerized with ethylene, however the percent incorporation was very low (0.1%). In 
an effort to increase this comonomer percentage, a polymerization was performed with 
a lower pressure of ethylene and lower volume of toluene successfully raising the 
percentage to 0.7% (entry 12). Until successful oxidation of the catalyst can be performed, 
however, we are unable to make attempts at modulating this percentage through redox 
manipulation.  
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5.2.3 Constrained Geometry Catalyst (CGC) Frameworks 
Another potential redox-active ligand framework that our group is currently 
considering is a constrained geometry catalyst (CGC) ligand design that contains 
ferrocene (Figure 5.5). CGC catalysts gained popularity largely due to their very high 
activities for olefin polymerization and the customizability of their ligand scaffold.18-20 
Unfortunately, successful synthesis of the ligand frameworks has eluded us thus far. 
 
Figure 5.5 Proposed CGC ligand designs 
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Appendix A  Supplemental Information for Chapter 2 
General Methods and Materials. All reactions were performed under an inert 
nitrogen atmosphere using an MBraun UniLab glovebox or using standard Schlenk 
techniques, unless otherwise noted. All solvents were dried using an Innovative 
Technologies PureSolv Solvent Purification System and degassed via three freeze-pump-
thaw cycles. Catalyst 1 was prepared according to literature.1 CD2Cl2 was dried over 
activated molecular sieves (4Å) and degassed by three freeze-pump-thaw cycles prior to 
use. PMAO-IP was purchased from Akzo Nobel, and dimethylbis(indenyl) zirconium (Zr) 
was purchased from Strem and used as received. All other reagents were purchased from 
commercial vendors and used without further purification. Polyethylene 1H and 13C NMR 
spectra were recorded at 20 °C on a Varian 500 MHz NMR in CDCl3. Linear polyethylene 
(Zr) 1H NMR spectra was obtained on a Bruker 400 MHz NMR in C2D2Cl4. Gel permeation 
chromatography was performed at 140 °C in 1,2,4-trichlorobenzene at 1.0 mL/min on a 
Malvern Viscotek HT-GPC equipped with triple detection. Magnetic susceptibility 
measurements were performed via the Evans Method according to literature 
procedures.2 UV-vis measurements were obtained using an Ocean Optics USB4000-UV-
vis spectrophotometer. Cyclic voltammetry measurements were performed on a CH 
Instruments potentiostat using 0.01 mmol of the analyte in 5 mL DCM solution (0.002 M) 
with supporting electrolyte (nBu)4NPF6 (0.2 M), using Ag/AgCl as the reference electrode 
along with gold working and tungsten counter electrodes at a scan rate of 100 mVs-1.   
  
Quantitative 13C NMR Parameters. NMR measurements and calculations were 
performed following previous reports by Cotts3 and Galland.4,5 All spectra were obtained 
at 20 °C. 13C NMR experiments were ran using inverse gated decoupling, pulse width of 
60°, acquisition time of 1.2 s, and an acquisition delay time of 3 s. Branching content was 
obtained using the formula (CH3/3)/[(CH + CH2 + CH3)/ 2] × 1000 ).6  
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General Ethylene Polymerization Procedure. To a Fisher-Porter bottle was added 
catalyst 1 (10 µmol) dissolved in dichloromethane (2 mL), toluene (148 mL), and a 
magnetic stir bar. The bottle was sealed and placed in a room temperature water bath. 
The vessel was pressurized with ethylene (15 psi) and allowed to equilibrate under 
constant pressure for 10 min with stirring. PMAO-IP (460 µmol, 92 equiv) was injected to 
initiate polymerization, and was stirred continuously for the desired time. The 
polymerization was quenched via the addition of MeOH (10 mL), and the polymer was 
precipitated by adding excess acidic MeOH (5% HCl in MeOH), then dried in a vacuum 
oven to constant weight. Polymerizations required the reduced catalyst form were 
performed using the same conditions, except cobaltocene (0-10 µmol, 0-1 equiv) was 
added to the DCM solution of catalyst 1 prior to injection of PMAO-IP.  
 
Computational Methods. The computational study was performed using density 
functional theory (DFT) within the Gaussian09 quantum-chemistry software package. The 
TPSSh exchange-correlation functional7 was used in conjunction with the Dunning cc-
pVTZ basis set.8,9 The functional was corrected for dispersion using Grimme's D3 empirical 
dispersion scheme10 with Becke-Johnson damping parameters.11 The TPSSh functional 
was compared with other functionals, such as B3LYP and B3LYP*, and chosen due to its 
greater accuracy in describing the geometric and electronic properties of the catalyst. All 
production calculations were performed in the presence of a solvent environment of 
either toluene or dichloromethane (DCM), described using the implicit polarizable 
continuum model (PCM). It is known that addition of diffuse functions to the basis set 
improves the description of anions, such as the reduced form of the catalyst. However, 
the augmentation of the cc-pVTZ basis set with diffuse functions proved to be 
computationally expensive for an all-electron representation of the catalyst. Precatalyst 
1 has a total of 81 atoms, including 5 atoms heavier than carbon, and a total of 368 
electrons. Fortunately, the addition of diffuse functions to the cc-pVTZ basis set was found 
to have a negligible effect on the results.  
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Figure A.1 CV Trace of Catalyst 1 
 
Figure A.2 CV Trace of BIAN Ligand 
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Figure A.3 Magnified CV Trace of Catalyst 1 
 
 
Figure A.4 Magnified CV Trace of BIAN Ligand 
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Figure A.5 Representative 1H NMR of PE (Table 2.1, Entry 3) (0 eq. [Co])  
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Figure A.6 Representative 1H NMR of PE (Table 2.1, Entry 4) (0.25 eq. [Co]) 
 
Figure A.7 Representative 1H NMR of PE (Table 2.1, Entry 5) (0.5 eq. [Co]) 
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Figure A.8 Representative 1H NMR of PE (Table 2.1, Entry 6) (0.75 eq. [Co]) 
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Figure A.9 Representative 1H NMR of PE (Table 2.1, Entry 7) (1 eq. [Co]) 
 
Figure A.10 1H NMR of Linear PE Sample Synthesized using Zr (Figure 2.3, Green trace)  
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Figure A.11 Representative 13C NMR of PE (Table 2.1, Entry 3) (0 eq. [Co]) (For 
description of peaks, see Table C.3) 
 
Figure A.12 Representative 13C NMR of PE (Table 2.1Entry 4) (0.25 eq. [Co]) (For 
description of peaks, see Table C.3) 
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Figure A.13 Representative 13C NMR of PE (Table 2.1, Entry 5) (0.50 eq. [Co]) (For 
description of peaks, see Table C.3) 
 
Figure A.14 Representative 13C NMR of PE (Table 2.1, Entry 6) (0.75 eq. [Co]) (For 
description of peaks, see Table C.3) 
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Figure A.15 Representative 13C NMR of PE Table 2.1, Entry 7) (1.0 eq. [Co]) (For 
description of peaks, see Table C.3) 
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Figure A.16 DSC of Linear PE Sample Synthesized using Zr (Figure 2.3, Green trace)  
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Figure A.17 Representative GPC of PE (Table 2.1, Entry 3) (0 eq.[Co]) 
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Figure A.18 Representative GPC of PE (Table 2.1, Entry 4) (0.25 eq. [Co]) 
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Figure A.19 Representative GPC of PE (Table 2.1, Entry 5) (0.5 eq. [Co]) 
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Figure A.20 Representative GPC of PE (Table 2.1, Entry 6) (0.75 eq. [Co]) 
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Figure A.21 Representative GPC of PE (Table 2.1, Entry 7) (1.0 eq. [Co]) 
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Figure A.22 GPC of Linear PE Sample Synthesized using Zr (Figure 2.3, Green trace) 
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Figure A.23 EPR of catalyst 1 with cobaltocene (1 equiv.) in toluene at 77 K 
 
 
Figure A.24 EPR of catalyst 1 with cobaltocene (1 equiv.) and AlMe3 (5 equiv.) in toluene 
at 77 K 
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Figure A.25 UV-vis spectra for selected compounds in DCM  
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Appendix B  Supplemental Information for Chapter 3 
General Methods and Materials. All reactions were performed under an inert 
nitrogen atmosphere using an MBraun UniLab glovebox or using standard Schlenk 
techniques, unless otherwise noted. All solvents were dried using an Innovative 
Technologies PureSolv Solvent Purification System and degassed via three freeze-pump-
thaw cycles. Catalyst 1 was prepared according to literature.1 CD2Cl2 was dried over 
activated molecular sieves (4 Å) and degassed by three freeze-pump-thaw cycles prior to 
use. Methylaluminoxane (MAO) (10 wt% Al) was received as a gift from the Albemarle 
Corporation and used as received. All other reagents were purchased from commercial 
vendors and used without further purification. Gel permeation chromatography (GPC) 
was performed at 140 °C in 1,2,4-trichlorobenzene at a flow rate of 1.0 mL/min on a 
Malvern Viscotek HT-GPC equipped with triple detection. Polymer glass transition 
temperatures (Tg) were measured using a TA Instruments Q2000 differential scanning 
calorimeter and recorded on the second heating cycle at a heating rate of 10 °C/min. 
Quantitative 13C NMR spectra were obtained using a Varian 500 MHz NMR and analyzed 
following literature procedures.2-4 Polymer 1H NMR spectra were obtained using a Varian 
500 MHz NMR. All NMR spectra are referenced relative to their residual solvent signal. 
Branching content was determined by 1H NMR spectroscopy using the formula 
(CH3/3)/[(CH + CH2 + CH3)/2] × 1000.5 Gas chromatography was performed on an Agilent 
7890B GC instrument equipped with an FID detector to obtain 1-hexene content 
consumed/remaining for each copolymerization and referenced to an internal standard 
(chlorobenzene). The acquired ratio was used to solve for amount of 1-hexene consumed 
in each polymerization.  
 
General propylene polymerization conditions. Under an inert atmosphere, a 
Fisher-Porter bottle was charged with catalyst 1 (10 µmol) dissolved in dichloromethane 
(DCM) (2 mL), toluene (98 mL), and a magnetic stir bar. The Fisher-Porter bottle was 
sealed and placed in a room temperature water bath or isopropanol bath chilled to the 
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desired temperature. The vessel was pressurized with propylene gas while stirring and 
allowed to reach the desired mass of propylene before closing the propylene gas feed. 
MAO (92 equiv) was injected to initiate polymerization, and the reaction was stirred 
continuously for the desired time. All polymerizations were quenched via the addition of 
MeOH (10 mL) and the polymer was precipitated using excess acidic MeOH (5% HCl in 
MeOH) and dried to constant weight in a vacuum oven. Polymerizations requiring the 
reduced catalyst form were performed using the same procedure except cobaltocene was 
added to the DCM/toluene solution prior to activation with MAO. 
 
General 1-hexene polymerization conditions. Under an inert atmosphere, 
toluene (18 mL), DCM (2 mL), and 1-hexene (1 mL) were added to a 20 mL scintillation 
vial containing catalyst 1 (10 µmol) and a magnetic stir bar. MAO (92 equiv) was injected 
to initiate the polymerization, the vial was sealed with a Teflon-lined cap, and the reaction 
was stirred continuously for the desired polymerization time. Polymerizations were 
quenched via the addition of MeOH (10 mL) and the polymer was precipitated using 
excess acidic MeOH (5% HCl in MeOH) and dried to constant weight in a vacuum oven. 
Polymerizations requiring the reduced catalyst form were performed using the same 
procedure except cobaltocene was added to the DCM/toluene solution prior to activation 
with MAO. 
 
General ethylene/1-hexene copolymerization conditions. Under an inert 
atmosphere, a Fisher-Porter bottle was charged with catalyst 1 (10 µmol) dissolved in 
DCM (2 mL), toluene (148 mL), 1-hexene (5 mL), and a magnetic stir bar. The Fisher-Porter 
bottle was sealed and placed in a room temperature water bath. The vessel was 
pressurized with ethylene (15 psi) while stirring and equilibrated for 10 minutes. MAO (92 
equiv) was injected to initiate the polymerization and was stirred continuously for the 
desired time under a constant feed of ethylene. The polymerization was quenched via the 
addition of MeOH (10 mL) and the polymer was precipitated using excess acidic MeOH 
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(5% HCl in MeOH) and dried to constant weight in a vacuum oven. Polymerizations 
requiring the reduced catalyst were performed using the same procedure except 
cobaltocene was added to the DCM/toluene solution prior to activation with MAO. 
  
101 
 
 
Figure B.1 DSC of polypropylene obtained using catalyst 1 (Table 3.1, Entry 1) 
 
Figure B.2 DSC of polypropylene obtained using catalyst 1 and 1.0 equiv of CoCp2 (Table 
3.1, Entry 2) 
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Figure B.3 DSC of polypropylene obtained using catalyst 1 (Table 3.1, Entry 3) 
 
Figure B.4 DSC of polypropylene obtained using catalyst 1 and 1 equiv of CoCp2 (Table 
3.1, Entry 4) 
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Figure B.5 Representative DSC of poly(1-hexene) using catalyst 1 (Table 3.1, Entry 7) 
 
Figure B.6 Representative DSC of poly(1-hexene) using catalyst 1 and 1.0 equiv of CoCp2 
(Table 3.1, Entry 11) 
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Figure B.7 1H NMR of polypropylene (Table 3.1, Entry 1) 
 
Figure B.8 1H NMR of polypropylene (Table 3.1, Entry 2) 
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Figure B.9 1H NMR of polypropylene (Table 3.1, Entry 3) 
 
Figure B.10 1H NMR of polypropylene (Table 3.1, Entry 4) 
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Figure B.11 Representative 1H NMR of poly(1-hexene) (Table 3.1, Entry 7) 
 
Figure B.12 Representative 13C NMR of poly(1-hexene) (Table 3.1, Entry 7) 
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Figure B.13 Representative 1H NMR of poly(1-hexene) (Table 3.1, Entry 11) 
 
Figure B.14 Representative 13C NMR of poly(1-hexene) (Table 3.1, Entry 11) 
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Figure B.15 Representative 1H NMR of ethylene/1-hexene copolymer (Table 3.2, Entry 
1) 
 
Figure B.16 Representative 13C NMR of ethylene/1-hexene copolymer (Table 3.2, Entry 
1) (For description of peaks, see Table C.3) 
109 
 
 
Figure B.17 Representative 1H NMR of ethylene/1-hexene copolymer (Table 3.2, Entry 
2) 
 
Figure B.18 Representative 13C NMR of ethylene/1-hexene copolymer (Table 3.2, Entry 
2) (For description of peaks, see Table C.3) 
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Figure B.19 Representative 1H NMR of ethylene/1-hexene copolymer (Table 3.2, Entry 
3) 
 
Figure B.20 Representative 13C NMR of ethylene/1-hexene copolymer (Table 3.2, Entry 
3) (For description of peaks, see Table C.3) 
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Figure B.21 GPC of polypropylene (Table 3.1, Entry 1) 
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Figure B.22 GPC of polypropylene (Table 3.1, Entry 2) 
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Figure B.23 GPC of polypropylene (Table 3.1, Entry 3) 
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Figure B.24 GPC of polypropylene (Table 3.1, Entry 4) 
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Figure B.25 GPC of poly(1-hexene) (Table 3.1, Entry 5) 
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Figure B.26 GPC of poly(1-hexene) (Table 3.1, Entry 6) 
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Figure B.27 GPC of poly(1-hexene) (Table 3.1, Entry 7) 
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Figure B.28 GPC of poly(1-hexene) (Table 3.1, Entry 8) 
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Figure B.29 GPC of poly(1-hexene) (Table 3.1, Entry 9) 
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Figure B.30 GPC of poly(1-hexene) (Table 3.1, Entry 10) 
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Figure B.31 GPC of poly(1-hexene) (Table 3.1, Entry 11) 
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Figure B.32 Representative GPC of ethylene/1-hexene copolymer (Table 3.2, Entry 1) 
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Figure B.33 Representative GPC of ethylene/1-hexene copolymer (Table 3.2, Entry 2) 
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Figure B.34 Representative GPC of ethylene/1-hexene copolymer (Table 3.2, Entry 3) 
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entry 1 entry 2 entry 3 
amount of CoCp2 added 0.0 equiv. 0.5 equiv. 1.0 equiv. 
amount of 1-hexene added to 
reactor (mL) 
5.00 5.00 5.00 
amount of 1-hexene added to 
reactor (g) 
3.37 3.37 3.37 
polymer yield (g) 3.2 2.6 2.1 
total 1-hexene consumed (g) 1.34 0.67 0.32 
total 1-hexene consumed (%) 39.8 19.9 9.5 
TOF of 1-hexenea (1/hr) 3200 1600 760 
total ethylene consumed (g) 1.86 1.93 1.78 
TOF of ethylenea (1/hr) 130000 140000 130000 
1-hexene consumed/gram of 
polymer (g) 
0.42 0.26 0.15 
1-hexene consumed/gram of 
polymer (%) 
13.0 7.9 4.5 
Figure B.35 GC analysis of 1-hexene consumed during ethylene/1-hexene 
copolymerizations. (Table 3.2) a Turnover frequency (TOF) = mol of monomer/(mol of 
cat. × h) 
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Appendix C  Supplemental Information for Chapter 4 
General Methods and Materials. All reactions were performed under an inert 
nitrogen atmosphere using an MBraun UniLab glovebox or using standard Schlenk 
techniques, unless otherwise noted. All solvents were dried using an Innovative 
Technologies PureSolv Solvent Purification System and degassed via three freeze-pump-
thaw cycles. CD2Cl2 was dried over activated molecular sieves (4Å) and degassed by three 
freeze-pump-thaw cycles prior to use. MMAO-3A was received from Akzo-Nobel. All other 
reagents were purchased from commercial vendors and used without further 
purification. 1H and 13C NMR spectra were recorded at ambient temperature on a Varian 
Mercury 300 MHz, Bruker 400 MHz or a Varian VNMRS 500 MHz narrow-bore broadband 
system. 1H and 13C NMR chemical shifts were referenced to the residual solvent. 
Polyethylene 1H and 13C NMR spectra were recorded at 120 °C on a Bruker 400 MHz NMR 
in C2D2Cl4. All mass spectrometry analyses were performed using a JEOL AccuTOF-D time-
of-flight (TOF) mass spectrometer with a DART (direct analysis in real time) ionization 
source. X-Ray diffraction measurements were performed on single crystals coated with 
Paratone oil, mounted on a loop, and frozen under a stream of N2 while data was collected 
on a Bruker APEX diffractometer. Reflections were merged and corrected for Lorenz and 
polarization effects, scan speed, and background using SAINT 4.05. The structure was 
solved by direct methods with the aid of successive difference Fourier maps, and were 
refined against all data using the SHELXTL 5.0 software package. All of the solvent 
molecules were squeezed. EPR measurements were obtained on a Bruker EMX (X-band) 
EPR spectrometer. EPR spectra were quantified using SpinCount software referenced 
against CuEDTA standard. This software is available free from Carnegie Mellon University 
courtesy of the Hendrich group. Elemental microanalyses were carried out by Atlantic 
Microlab, Inc. (Norcross, GA). Gel permeation chromatography was performed at 140 °C 
in 1,2,4-trichlorobenzene at 1.0 mL/min on a Malvern Viscotek HT-GPC equipped with 
triple detection. Polymer melting transition temperatures (Tm) were measured on a TA 
Instruments Q2000 differential scanning calorimeter on the second heating cycle at a 
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heating rate of 10 °C/min. Cyclic voltammetry measurements were performed on a CH 
Instruments potentiostat using 0.01 mmol compound in 5 mL DCM solution (0.002 M) 
with supporting electrolyte 0.2 M (nBu)4NPF6, using Ag/AgCl as the reference electrode, 
along with gold working and tungsten counter electrodes at a scan rate of 100 mVs-1. 4-
iodo-2,6-diisopropylaniline1, ethynyl ferrocene2, and bis(2,6-diisopropyl-4-
iodophenyl)diazabutadiene3 (4a) were prepared according to a literature procedure. 
Polymer densities were measured using a Mettler-Toledo balance equipped with a 
density measurement kit following Archimedes Principle. 
 
Quantitative 13C NMR parameters. NMR measurements and calculations were 
performed following previous reports by Cotts4 and Galland.5,6 All spectra were obtained 
using a Varian 500 MHz NMR operating at 20 °C. 13C NMR experiments were ran using 
inverse gated decoupling, a pulse width of 60°, an acquisition time of 1.2 s, and an 
acquisition delay of 3 s. Branching content was obtained using the formula (CH3/3)/[(CH 
+ CH2 + CH3)/ 2] × 1000.7 
 
Crystallographic data. Crystallographic data for the structural analysis of catalyst 
1 has been deposited with the Cambridge Crystallographic Data Center (CCDC), CCDC # 
1529504. Copies of this information may be obtained free of charge from the CCDC at 
https://www.ccdc.cam.ac.uk/. 
 
General ethylene polymerization conditions. Catalyst (5 µmol) was dissolved in 
dichloromethane (2 mL) and added to a Fisher Porter bottle containing toluene (98 mL) 
and a magnetic stir bar. The bottle was sealed and placed in an oil bath at the desired 
temperature. The vessel was pressurized with ethylene (15 psi) and allowed to equilibrate 
under constant pressure for 10 minutes with stirring. MMAO-3A (2.5 mmol, 500 equiv) 
was injected to initiate polymerization and the reaction was stirred continuously for the 
desired time. The polymerization was quenched via the addition of MeOH (10 mL). The 
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polymer was precipitated by adding excess acidic MeOH (5% HCl in MeOH), then dried in 
a vacuum oven to constant weight. Polymerizations using a redox reagent were 
performed using the same conditions except oxidant/reductant (5 µmol, 1 equiv for 
cobaltocene, or 10 µmol, 2 equiv for AgBArF) was added to the DCM solution with the 
catalyst prior to activation. A noticeable color change is observed upon combination of 
the redox reagent and catalyst.  
 
Synthesis of (ArN=C(An)-C(An)=NAr) (Ar = 4-I-2,6-(iPr)2C6H2) (2a). 
Acenaphthenequinone (1 eq.), 4-iodo-2,6-diisopropylaniline (2.1 eq.), and formic acid (4 
eq.) were added to methanol and refluxed for 24 hours. The golden yellow precipitate 
was washed with methanol and dried under high vacuum. Yield: 89%. 1H NMR (500 MHz, 
25 °C, CDCl3); δ, ppm: 0.94 (d, 12H), 1.19 (d, 12H), 2.92 (m, 4H), 6.77 (d, 2H), 7.44 (t, 2H), 
7.55 (s, 4H), 7.93 (d, 2H). 13C NMR (125 MHz, 25 °C, CDCl3); δ, ppm: 23.02 (CH(CH3)2), 23.34 
(CH(CH3)2), 28.79 (CH(CH3)2), 89.07 (aromatic C(I)), 123.60 (aromatic), 128.19 (aromatic), 
129.22 (aromatic), 129.51 (aromatic), 132.96 (aromatic), 138.28 (aromatic), 141.03 
(aromatic), 147.18 (aromatic),  161.22 (C=N). HRMScalc C38H39I2N2 (H+ adduct) = 753.12026 
m/z; HRMSexpt C38H39I2N2 (H+ adduct) = 753.11288 m/z.  
 
Synthesis of (ArN=C(Me)-C(Me)=NAr) (Ar = 4-I-2,6-(iPr)2C6H2) (3a). Butanedione 
(1 eq.), 4-iodo-2,6-diisopropylaniline (2 eq.), and formic acid (4 eq.) were added to 
methanol and refluxed for 24 hours. The off white precipitate was washed with methanol 
and dried under high vacuum. Yield: 87%. 1H NMR (500 MHz, 25 °C, CDCl3); δ, ppm:  1.14 
(d, 12H), 1.17 (d, 12H), 2.04 (s, 6H), 2.61 (m, 4H), 7.44 (s, 4H). 13C NMR (125 MHz, 25 °C, 
CDCl3); δ, ppm: 16.79 (C(CH3)), 22.58 (CH(CH3)2), 22.95 (CH(CH3)2), 28.66 (CH(CH3)2), 88.44 
(aromatic C(I)), 132.44 (aromatic), 137.88 (aromatic), 145.97 (aromatic),  168.64 (C=N). 
HRMScalc C28H39I2N2 (H+ adduct) = 657.12026 m/z; HRMSexpt C28H39I2N2 (H+ adduct) 
= 657.11989 m/z. 
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Synthesis of (ArN=C(An)-C(An)=NAr) (Ar = 4-ethynylferrocene-2,6-(iPr)2C6H2) 
(2L). To a degassed Schlenk flask was added (ArN=C(An)-C(An)=NAr) (Ar = 4-I-2,6-
(iPr)2C6H2)(1.0 eq.) and ethynyl ferrocene (2.2 eq.). To a separate degassed flask was 
added CuI (0.2 eq.) and PdCl2(PPh3)2 (0.1 eq.). THF was added to both vessels and the 
diimine/ethynyl ferrocene solution was transferred via cannula to the CuI/ PdCl2(PPh3)2 
suspension. Triethylamine (4.0 eq.) was added and the reaction was heated at 70 °C for 6 
hr. The reaction mixture was filtered through celite and dried under reduced pressure. 
The resulting material was purified via column chromatography using 10% DCM/ 90% 
hexanes as eluent. The product was obtained as a burnt orange solid. Yield: 41%. 1H NMR 
of ligand 2L (500 MHz, 25 °C, CDCl3); δ, ppm: 1.00 (d, 12H), 1.25 (d, 12H), 3.00 (m, 4H), 
4.27 (t, 4H), 4.31(s, 10H), 4.55 (t, 4H), 6.82 (d, 2H), 7.43 (m, 6H, aromatic), 7.92 (d, 2H). 
13C NMR (125 MHz, 25 °C, CDCl3); δ, ppm: 23.13 (CH(CH3)2), 23.42 (CH(CH3)2), 28.80 
(CH(CH3)2), 65.93 (Cp-C),  68.85 (Cp-C), 70.11 (Cp-C), 71.51 (Cp-C), 86.78 (alkyne C), 86.89 
(alkyne C), 119.50 (aromatic), 123.70 (aromatic), 127.28 (aromatic), 128.16 (aromatic), 
129.37 (aromatic), 131.30 (aromatic), 135.90 (aromatic), 141.02 (aromatic), 147.59 
(aromatic),  161.05 (C=N). Analysis: Calculated for C60H56Fe2N2•0.5 DCM – C, 75.75; H, 
5.99; N, 2.92. Found: C, 75.38; H, 6.10; N, 2.91. 
 
Synthesis of (ArN=C(Me)-C(Me)=NAr) (Ar = 4-ethynylferrocene-2,6-(iPr)2C6H2) 
(3L). Following the same procedure as 2L, compound 3L was synthesized using 
(ArN=C(Me)-C(Me)=NAr) (Ar = 4-I-2,6-(iPr)2C6H2). The product was obtained as a yellow-
orange solid. Yield: 64%. 1H NMR of ligand 3L (500 MHz, 25 °C, CDCl3); δ, ppm: 1.20 (d, 
12H), 1.23 (d, 12H), 2.08 (s, 6H), 2.70 (m, 4H), 4.25 (t, 4H), 4.28 (s, 10H), 4.53 (t, 4H), 7.32 
(s, 4H). 13C NMR (125 MHz, 25 °C, CDCl3); δ, ppm: 16.83 (C(CH3)), 22.68 (CH(CH3)2), 23.05 
(CH(CH3)2), 28.68 (CH(CH3)2), 66.04 (Cp-C), 68.77 (Cp-C), 70.08 (Cp-C),  71.46 (Cp-C), 86.43 
(alkyne C), 86.78 (alkyne C), 119.07 (aromatic), 126.71 (aromatic), 135.49 (aromatic), 
146.21 (aromatic), 168.37 (C=N). Analysis: Calculated for C52H56Fe2N2•0.25 DCM – C, 
74.54; H, 6.76; N, 3.33. Found: C, 74.52; H, 6.59; N, 3.25. 
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Synthesis of (ArN=C(H)-C(H)=NAr) (Ar = 4-ethynylferrocene-2,6-(iPr)2C6H2) (4L). 
Followed the same procedure as 2L, compound 4L was synthesized using (ArN=C(H)-
C(H)=NAr) (Ar = 4-I-2,6-(iPr)2C6H2). The product was obtained as a yellow solid. Yield: 55%. 
1H NMR of ligand 4L (500 MHz, 25 °C, CDCl3); δ, ppm: 1.23 (d, 24H), 2.93 (m, 4H), 4.25 (t, 
4H), 4.27 (s, 10H), 4.52 (t, 4H), 7.32 (s, 4H), 8.09 (s, 2H). 13C NMR of ligand 3 (125 MHz, 25 
°C, CDCl3); δ, ppm: 23.44 (CH(CH3)2), 28.20 (CH(CH3)2), 65.76 (Cp-C), 68.88 (Cp-C), 70.11 
(Cp-C), 71.52 (Cp-C), 86.42 (alkyne C), 87.22 (alkyne C), 120.67 (aromatic), 126.74 
(aromatic), 137.19 (aromatic), 147.81 (aromatic), 163.08 (C=N). Analysis: Calculated for 
C50H52Fe2N2•0.25 DCM – C, 74.16; H, 6.50; N, 3.44. Found: C, 74.58; H, 6.52; N, 3.52. 
 
Synthesis of (ArN=C(An)-C(An)=NAr)NiBr2 (Ar = 4-ethynylferrocene-2,6-
(iPr)2C6H2) (2). Under inert conditions, ligand 2L (1.0 eq.) and (DME)NiBr2 (1.0 eq.) were 
added to a Schlenk flask. Dichloromethane was added and the reaction was stirred for 16 
h. The reaction mixture was filtered and washed with hexanes (3x). Yield: 90%. 1H NMR 
(paramagnetic)(500 MHz, 25 °C, CD2Cl2); δ, ppm: 0.88, 1.03, 1.12, 1.27, 1.55, 2.09, 4.30, 
4.54, 4.73, 4.96, 5.84, 17.19, 23.72, 25.29. Analysis: Calculated for C60H56Fe2N2Br2Ni•0.25 
DCM – C, 62.57; H, 4.92; N, 2.42. Found: C, 62.56; H, 4.92; N, 2.61. 
 
(ArN=C(Me)-C(Me)=NAr)NiBr2 (Ar = 4-ethynylferrocene-2,6-(iPr)2C6H2) (3). 
Under inert conditions, ligand 3L (1.0 eq.) and (DME)NiBr2 (1.0 eq.) were added to a 
Schlenk flask. Dichloromethane was added and the reaction was stirred for 16 h. The 
reaction mixture was filtered and washed with hexanes (3x). Yield: 88%. 1H NMR 
(paramagnetic)(500 MHz, 25 °C, CD2Cl2); δ, ppm: -17.11, 2.58, 3.02, 4.26, 4.62, 4.78, 4.98, 
7.35, 7.59, 24.95. Analysis: Calculated for C52H56Fe2N2Br2Ni•0.5 DCM – C, 58.30; H, 5.31; 
N, 2.59. Found: C, 58.14; H, 5.18; N, 2.04.  
 
(ArN=C(H)-C(H)=NAr)NiBr2 (Ar = 4-ethynylferrocene-2,6-(iPr)2C6H2) (4). Under 
inert conditions, ligand 4L (1.0 eq.) and (DME)NiBr2 (1.0 eq.) were added to a Schlenk 
131 
 
flask. Dichloromethane was added and the reaction was stirred for 16 h. The reaction 
mixture was filtered and washed with hexanes (3x). Yield: 87%. 1H NMR 
(paramagnetic)(500 MHz, 25 °C, CD2Cl2); δ, ppm: 1.21, 1.23, 2.94, 4.26, 4.40, 4.50, 4.70, 
7.31, 8.09, 22.80. Analysis: Calculated for C50H52Fe2N2Br2Ni – C, 59.39; H, 5.18; N, 2.77. 
Found: C, 60.71; H, 5.45; N, 2.96. 
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Table C.1 Complete polymerization data using catalysts 2, 3, and 4a 
aPolymerization conditions: catalyst loading = 5.0 μmol, 98 mL of toluene, 2 mL of 
dichloromethane, 20 °C, 15 psi ethylene, 15 min, and 500 equiv of MMAO. bDetermined 
using triple detection gel permeation chromatography at 140 °C in 1,2,4-
trichlorobenzene. cDetermined by 1H NMR. dDetermined using differential scanning 
calorimetry (DSC).   
Table C.2 Detailed polymerization data using catalyst 2a 
entry catalyst additive yield (g) 
Mnb 
(kg/mol) 
Mwb   
(kg/mol) Đb Bc,d Tme  (°C) 
1 1 AgBArF 1.090 235 503 2.1 39 (±1.9) 107 
2 1 None 1.050 222 367 1.7 40 (±1.4) 107 
3 1 CoCp2 0.662 264 553 2.1 9 (±2.4) 119 
aPolymerization conditions: catalyst loading = 5.0 μmol, 98 mL of toluene, 2 mL of 
dichloromethane, 20 °C, 15 psi ethylene, 15 min, and 500 equiv of MMAO. bDetermined 
using triple detection gel permeation chromatography at 140 °C in 1,2,4-
trichlorobenzene. cDetermined by 1H NMR. dThe average of three trials with standard 
deviation reported to ensure accuracy of results. eDetermined using differential scanning 
calorimetry (DSC). 
  
entry catalyst additive 
yield 
(g) 
Mnb 
(kg/mol) 
Mwb   
(kg/mol) Đb Bc Tmd  (°C) 
1 2 AgBArF 1.090 235 503 2.1 39 107 
2 2 None 1.050 222 367 1.7 40 107 
3 2 CoCp2 0.662 264 553 2.1 9 119 
4 3 AgBArF 0.632 179 314 1.8 28 102 
5 3 None 0.623 199 398 2.0 25 105 
6 3 CoCp2 0.034 196 385 2.0 23 110 
7 4 AgBArF 0.244 52 113 2.2 6 129 
8 4 None 0.219 45 110 2.5 6 129 
9 4 CoCp2 0.057 45 96 2.1 5 130 
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Figure C.1 1H NMR of (ArN=C(An)-C(An)=NAr) (Ar = 4-I-2,6-(iPr)2C6H2) (2a) 
  
Figure C.2 13C NMR of (ArN=C(An)-C(An)=NAr) (Ar = 4-I-2,6-(iPr)2C6H2) (2a) 
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Figure C.3 1H NMR of (ArN=C(Me)-C(Me)=NAr) (Ar = 4-I-2,6-(iPr)2C6H2) (3a) 
  
Figure C.4 13C NMR of (ArN=C(Me)-C(Me)=NAr) (Ar = 4-I-2,6-(iPr)2C6H2) (3a) 
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Figure C.5 1H NMR of (ArN=C(An)-C(An)=NAr) (Ar = 4-ethynylferrocene-2,6-(iPr)2C6H2) 
(2L) 
 
  
Figure C.6 13C NMR of (ArN=C(An)-C(An)=NAr) (Ar = 4-ethynylferrocene-2,6-(iPr)2C6H2) 
(2L) 
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Figure C.7 1H NMR of (ArN=C(Me)-C(Me)=NAr) (Ar = 4-ethynylferrocene-2,6-(iPr)2C6H2) 
(3L) 
 
Figure C.8 13C NMR of (ArN=C(Me)-C(Me)=NAr) (Ar = 4-ethynylferrocene-2,6-(iPr)2C6H2) 
(3L) 
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Figure C.9 1H NMR of (ArN=C(H)-C(H)=NAr) (Ar = 4-ethynylferrocene-2,6-(iPr)2C6H2) (4L) 
 
Figure C.10 13C NMR of (ArN=C(H)-C(H)=NAr) (Ar = 4-ethynylferrocene-2,6-(iPr)2C6H2) 
(4L) 
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Figure C.11 1H NMR of (ArN=C(An)-C(An)=NAr)NiBr2 (Ar = 4-ethynylferrocene-2,6-
(iPr)2C6H2) (2) 
  
Figure C.12 1H NMR of (ArN=C(Me)-C(Me)=NAr)NiBr2 (Ar = 4-ethynylferrocene-2,6-
(iPr)2C6H2) (3) 
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Figure C.13 1H NMR of (ArN=C(H)-C(H)=NAr)NiBr2 (Ar = 4-ethynylferrocene-2,6-
(iPr)2C6H2) (4)  
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Figure C.14 CV trace of catalyst 2 
  
Figure C.15 CV trace of catalyst 3 
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Figure C.16 CV trace of catalyst 4 
Table C.3 Assignment of 13C NMR peaks and integral ratios for polyethylene samples 
 
Chemical Shift (ppm) 
 
Integral Ratios 
Peak 
# 
Previously reported 
values 
Experimental Assignmenta 1ox (S17) 1(S18) 1red (S19) 
1 20.04, 20.01, 19.90 20.13 1B1 1 1 1 
2 27.35, 27.3, 27.33, 
27.20 
27.26 βBn 0.4 0.3 ~0 
3 27.45, 27.42 27.44 βB1 1.4 1.4 1.5 
4 30 30 δB1-n (Backbone 
CH2) 
32 30.2 81.6 
5 30.38, 30.36 30.39 γB1 1.7 2 2.1 
6 30.50, 30.48 30.49 γBn 0.5 0.5 0.3 
7 33.26, 33.1, 33.14 33.24 brB1 0.8 0.7 0.7 
8 37.56, 37.47 37.55 αB1 2.1 1.8 1.5 
axBn = Branch. x = If greek, backbone carbon. If numbered, branch carbon. If br, 
branchpoint (methine carbon at branch). Bn = Branch of length n. 
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Figure C.17 Representative 13C NMR of polyethylene (Table 4.2, Entry 1) (catalyst 2 + 
oxidant) (For description of peaks, see Table C.3) 
  
Figure C.18 Representative 13C NMR of polyethylene (Table 4.2, Entry 2) (catalyst 2) (For 
description of peaks, see Table C.3) 
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Figure C.19 Representative 13C NMR of polyethylene (Table 4.2, Entry 3) (catalyst 2 + 
reductant) 
  
Figure C.20 Representative 1H NMR of polyethylene (Table 4.2, Entry 1) (catalyst 2 + 
oxidant) 
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Figure C.21 Representative 1H NMR of polyethylene (Table 4.2, Entry 2) (catalyst 2) 
  
Figure C.22 Representative 1H NMR of polyethylene (Table 4.2, Entry 3) (catalyst 2 + 
reductant)  
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Figure C.23 Representative 1H NMR of polyethylene (Table 4.2, Entry 4) (catalyst 3 + 
oxidant)  
 
Figure C.24 Representative 1H NMR of polyethylene (Table 4.2, Entry 5) (Catalyst 3)  
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Figure C.25 Representative 1H NMR of polyethylene (Table 4.2, Entry 6) (catalyst 3 + 
reductant)  
 
Figure C.26 Representative 1H NMR of polyethylene (Table 4.2, Entry 7) (catalyst 4 + 
oxidant)  
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Figure C.27 Representative 1H NMR of polyethylene (Table 4.2, Entry 8) (catalyst 4)  
 
Figure C.28 Representative 1H NMR of polyethylene (Table 4.2, Entry 9) (catalyst 4 + 
reductant)  
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Figure C.29 Representative DSC of polyethylene (Table 4.2, Entry 1) (catalyst 2 + oxidant)  
 
Figure C.30 Representative DSC of polyethylene (Table 4.2, Entry 2) (catalyst 2)  
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Figure C.31 Representative DSC of polyethylene (Table 4.2, Entry 3) (catalyst 2 + 
reductant)  
 
Figure C.32 Representative DSC of polyethylene (Table 4.2, Entry 4) (catalyst 3 + oxidant) 
150 
 
 
 
Figure C.33 Representative DSC of polyethylene (Table 4.2, Entry 5) (catalyst 3) 
 
Figure C.34 Representative DSC of polyethylene (Table 4.2, Entry 6) (catalyst 3 + 
reductant) 
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Figure C.35 Representative DSC of polyethylene (Table 4.2, Entry 7) (catalyst 4 + oxidant) 
 
Figure C.36 Representative DSC of polyethylene (Table 4.2, Entry 8) (catalyst 4) 
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Figure C.37 Representative DSC of polyethylene (Table 4.2, Entry 9) (catalyst 4 + 
reductant) 
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X-Ray Crystallographic Data 
 
Figure C.38 ORTEP representation of catalyst 2 with thermal ellipsoids drawn at 50% 
probability 
Hydrogens were omitted for clarity. X-ray quality single crystals of complex 1 were grown 
overnight at ambient temperature using vapor diffusion of pentanes into a 
dichloromethane solution. Crystal data for C120H112Br4Fe4N4Ni2■2CH2Cl2 (2438.77 g/mol); 
monoclinic; space group P-21/n; a = 13.5548(19) Å; b = 31.106(4) Å; c = 13.8370(19) Å; α 
= 90˚; β = 91.823(2)˚; γ = 90˚; V = 5831.1(2) Å3; Z = 2; T = 273(2) K; λ = 0.71073 Å; μ = 2.434 
mm-1; R1 = 0.0455 (9913), wR2 = 0.1817 (11922); GOF = 0.786. 
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Figure C.39 Representative GPC of polyethylene (Table 4.2, Entry 1) (catalyst 2 + 
oxidant)  
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Figure C.40 Representative GPC of polyethylene (Table 4.2, Entry 2) (catalyst 2) 
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Figure C.41 Representative GPC of polyethylene (Table 4.2, Entry 3) (catalyst 2 + 
reductant) 
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Figure C.42 Representative GPC of polyethylene (Table 4.2, Entry 4) (catalyst 3 + 
oxidant) 
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Figure C.43 Representative GPC of polyethylene (Table 4.2, Entry 5) (catalyst 3) 
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Figure C.44 Representative GPC of polyethylene (Table 4.2, Entry 6) (catalyst 3 + 
reductant) 
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Figure C.45 Representative GPC of polyethylene (Table 4.2, Entry 7) (catalyst 4 + 
oxidant) 
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Figure C.46 Representative GPC of polyethylene (Table 4.2, Entry 8) (catalyst 4) 
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Figure C.47 Representative GPC of polyethylene (Table 4.2, Entry 9) (catalyst 4 + 
reductant) 
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Figure C.48 EPR spectrum of 2 in toluene at 120 K following addition of cobaltocene 
(gxx=2.49 G; gyy=2.34 G; gzz=2.03)  
Approximate quantified spin concentration obtained using SpinCount based on 0.5mM 
sample of 1 with 1 eq of Cobaltocene added. 
 
Figure C.49 EPR spectrum of 2 in toluene at 120 K following addition of AgBArF (gxx=2.23 
G; gyy=2.07 G; gzz=2.05)  
The peak at 2.0 corresponds to a small amount of Ag present after the solution was 
filtered. Approximate quantified spin concentration obtained using SpinCount software 
based on 0.5mM sample of 1 with 2 eq of AgBArF added. 
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Appendix D  Supplemental Information for Chapter 5 
General Methods and Materials. All reactions were performed under an inert 
nitrogen atmosphere using an MBraun UniLab glovebox or using standard Schlenk 
techniques, unless otherwise noted. All solvents were dried using an Innovative 
Technologies PureSolv Solvent Purification System and degassed via three freeze-pump-
thaw cycles. CD2Cl2 was dried over activated molecular sieves (4 Å) and degassed by three 
freeze-pump-thaw cycles prior to use. Methylaluminoxane (MAO) (10 wt% Al) was 
received as a gift from the Albemarle Corporation and used as received. All other reagents 
were purchased from commercial vendors and used without further purification. Gel 
permeation chromatography (GPC) was performed at 140 °C in 1,2,4-trichlorobenzene at 
a flow rate of 1.0 mL/min on a Malvern Viscotek HT-GPC equipped with triple detection. 
Polymer glass transition temperatures (Tg) were measured using a TA Instruments Q2000 
differential scanning calorimeter and recorded on the second heating cycle at a heating 
rate of 10 °C/min. Quantitative 13C NMR spectra were obtained using a Varian 500 MHz 
NMR and analyzed following literature procedures.2-4 Polymer 1H NMR spectra were 
obtained using a Varian 500 MHz NMR. All NMR spectra are referenced relative to their 
residual solvent signal.  
 
General Ethylene Polymerization Procedure. To a Fisher-Porter bottle was added 
catalyst (10 µmol) dissolved in dichloromethane (2 mL), toluene, and a magnetic stir bar. 
The bottle was sealed and placed in a room temperature water bath. The vessel was 
pressurized with ethylene and allowed to equilibrate under constant pressure for 10 min 
with stirring, coactivator (MAO or Ni(COD)2) was injected to initiate polymerization, and 
was stirred continuously for the desired time. The polymerization was quenched via the 
addition of MeOH (10 mL), and the polymer was precipitated by adding excess acidic 
MeOH (5% HCl in MeOH), then dried in a vacuum oven to constant weight. 
Polymerizations required the reduced or oxidized catalyst form were performed using the 
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same conditions, except redox agent was added to the DCM solution of catalyst prior to 
injection of coactivator. 
 
Synthesis of catalyst 5. To a solution of ligand in dry THF was added sodium 
hydride (1 eq.) in THF. The resultant mixture was stirred at room temperature for 4 hours, 
then filtered and evaporated. The pale yellow solid and trans-[Ni(PPh3)2PhCl] were 
dissolved in benzene and stirred overnight at room temperature. The resultant brown 
mixture was filtered and the filtrate was reduced to ~5 mL. Dry pentane was added and 
stirred for 30 minutes. The suspension was filtered leaving behind a canary yellow solid.  
 
Synthesis of 6L. To a flask containing the protected salicylaldehyde (1 eq.) was 
added the ethynyl ferrocene-coupled 2,6-diisopropylaniline (1 eq.). Methanol was added 
as solvent and a catalytic amount of formic acid added last. The solution was refluxed 
overnight.  
 
Synthesis of 6. To a solution of ligand 6L in dry THF was added sodium hydride (1 
eq.) in THF. The resultant mixture was stirred at room temperature for 4 hours, then 
filtered and evaporated. The pale yellow solid and trans-[Ni(PPh3)2NpCl] were dissolved 
in benzene and stirred overnight at room temperature. The resultant brown mixture was 
filtered and the filtrate was reduced to ~5 mL. Dry pentane was added and stirred for 30 
minutes. The suspension was filtered leaving behind a canary yellow solid. 
 
Synthesis of 7L. To a degassed Schlenk flask containing the protected 
salicylaldehyde (1 eq.) and aminoferrocene (1 eq.) was added methanol and a catalytic 
amount of formic acid via cannula. The solution was heated to 65 °C.  
 
Synthesis of 7. To a solution of ligand 7L in dry THF was added sodium hydride (1 
eq.) in THF. The resultant mixture was stirred at room temperature for 4 hours, then 
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filtered and evaporated. The pale yellow solid and trans-[Ni(PPh3)2NpCl] were dissolved 
in benzene and stirred overnight at room temperature. The resultant brown mixture was 
filtered and the filtrate was reduced to ~5 mL. Dry pentane was added and stirred for 30 
minutes. The suspension was filtered leaving behind a red-orange solid. 
 
Synthesis of (ArN=C(An)-C(An)=NAr)PdMeCl (Ar = 4-ethynylferrocene-2,6-
(iPr)2C6H2) (8). Under inert conditions, ligand 2L (1.0 eq.) and (COD)PdMeCl (1.0 eq.) were 
added to a Schlenk flask. Dichloromethane was added and the reaction was stirred for 16 
h. The reaction mixture was filtered and washed with hexanes (3x).  
 
Synthesis of (ArN=C(Me)-C(Me)=NAr)PdMeCl (Ar = 4-ethynylferrocene-2,6-
(iPr)2C6H2) (9). Under inert conditions, ligand 3L (1.0 eq.) and (COD)PdMeCl (1.0 eq.) were 
added to a Schlenk flask. Dichloromethane was added and the reaction was stirred for 16 
h. The reaction mixture was filtered and washed with hexanes (3x). 
 
Synthesis of (ArN=C(H)-C(H)=NAr)PdMeCl (Ar = 4-ethynylferrocene-2,6-
(iPr)2C6H2) (10). Under inert conditions, ligand 4L (1.0 eq.) and (COD)PdMeCl (1.0 eq.) 
were added to a Schlenk flask. Dichloromethane was added and the reaction was stirred 
for 16 h. The reaction mixture was filtered and washed with hexanes (3x). 
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Figure D.1 1H NMR of catalyst 5 
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Figure D.2 1H NMR of catalyst 6 
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Figure D.3 1H NMR of ligand 6L 
 
Figure D.4 1H NMR of ligand 7L 
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Figure D.5 1H NMR of catalyst 7 
 
Figure D.6 1H NMR of catalyst 8 
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Figure D.7 1H NMR of catalyst 9 
 
Figure D.8 1H NMR of catalyst 10 
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